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ABSTRACT

According to Kuhn, “there are three classes of problems - determination of significant
facts, matching of facts with theory, and articulation of that theory(Kuhn 2012).” The current
paradigm in molecular neuroscience is that there is a need for revolutionary tool development in
neuroscience. Interestingly, the need for better tools in neuroscience is to answer neuroscience
theories and provide the determination and articulation of those theories.

Currently, the neuroscientist’s toolbox is growing and the ways in which those tools are
used is rapidly changing. Neuroscience underwent a revolution when we were able to take
single-cell recording in vivo and then assign field properties to individual neurons based upon
those responses(O'Keefe and Bouma 1969; O'Keefe and Dostrovsky 1971; Moser et al. 1995).
Scientists became adept at imaging increasingly smaller regions of the functioning human brain
(Price 2012). We have since been able to genetically encode and manipulate proteins and
pathways while recording from them using fluorescence(Southern and Berg 1982; Chalfie 2009).
In vitro and in vivo we have harnessed the use of light to stimulate or inhibit specific neurons or
ligands(Boyden 2011; Adamantidis et al. 2007). These tools are just the beginning and by no
means is this an exhaustive list.

We introduce the Kuhl synthetic cell system that provides a customizable de-novo
excitable cell. The Kuhl system is activated using a blue light photo activated cyclase bPAC. It
can be used to create better tools to image the brain and can be used to screen multi-color
fluorescent sensors. Interestingly, sensors that are within bPACs activation spectrum can be used
in these synthetic cells. We show that both red and green Ca> sensors can be imaged
simultaneously, and both Ca>» and Voltage sensors can be screened in the Kuhl system. The Kuhl
system has the potential to be used to screen for drug compounds and in theory, they could be
used in studying pathways that are less understood, such as the mTOR pathway.




CHAPTER ONE

THE POTENTIAL OF SYNTHETIC BIOLOGY

Our understanding of the electrical signaling in the brain and nervous system has
advanced with technology. Luigi Galvani in the 18th century showed the effects of electrical
stimulation on muscles. Since then we have built many tools to further our understanding of the
brain that range from electrophysiology to genetically encoded biosensors. Biosensors are used
consistently in neuroscience today to help untangle the intricate signaling pathways of the brain.
Biosensors are fluorescent proteins attached to a protein that provides an optical fluorescent
readout in response to an analyte of interest. They enable scientists to build maps of activity
between individual neurons as well as entire subsets of neurons within the brain. To image the
entire brain scientists need multi-color biosensors without spectral overlap. This requires that
there are a wide array of fluorescent proteins with different spectral properties. In addition, these
fluorescent proteins need to maintain their spectral properties when attached to an analyte-
sensitive protein and have the ability to undergo fluorescence changes when the analyte of
interest increases or decreases in some way. Importantly, these sensors can be genetically
encoded providing highly specific placement within the brain or body.

In the second chapter, I will go through the history of neuroscience and some of the tools
that are currently in use. I will also outline the Kuhl system for building novel tools to image the
brain. I propose that we can improve the speed at which genetically encoded biosensors are built
and in doing so scientists might also uncover the underlying mechanisms that cause changes in a

biosensors fluorescence, specifically genetically encoded indicators. My work builds on the work



of pioneers such as Lester, Bursac, and Cohen among others (Hsu et al. 1993; Park et al. 2013;

Kirkton and Bursac 2011). They have carved the idea that simpler tools can be used as a

facsimile of a neuron. Genetically encoded voltage sensors are behind compared to Ca> sensors
in their use in the neuroscientific field. However, if they were built with the necessary kinetics,
large change in fluorescence, and proper membrane trafficking they would provide the ideal
readout needed to understand the intricate electrical network system of the brain.

In chapter three I will present my research regarding the Kuhl cell system. To improve
the throughput of activity-based biosensors I have built an electrically active cell line that can be
stimulated with blue light. This system can be manipulated by changing the proteins placed into
the system, and optimized by changing the expression levels of any particular channel. This
screen is an improvement on the previous work because it can screen both red and green sensors
simultaneously. This is significant because it provides ease of use when comparing the modified
sensor to the gold standard. Somewhat surprisingly, it can be used to improve both voltage and
Ca= biosensors. Finally, I will end with future research directives for the improvement of

genetically encoded biosensors and other optogenetic tools.
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CHAPTER TWO

BIRTH OF THE EXCITABLE CELL

The Investigator’s Nascency

The textbook is the technique that academia has taken to effective science pedagogy.
Prior to the birth of modern textbooks, many scholars would have books such as Aristotle's
Physica, Ptolemy's Almagest, Newton's Principia, and Optiks, Franklin's Electricity, Lavoisier's
Chemistry, and Lyell's Geology lining their bookshelf (Kuhn 2012). These early textbooks
served as a starting point for proceeding generations as they combined the current compounding
knowledge and unanswered questions to be defined and solved by the current investigator. The
literature review is the combination of known and defined unknown phenomena giving rise to
the current paradigm in any given doctrine of science (Kuhn 2012).

The confidence in the current paradigm makes textbooks possible. Textbooks are re-
written continuously leading the student to believe that science is largely cumulative. They relay
to the reader only the most recent paradigm, and in doing so, eliminate the history that built the
current understanding. As Whitehead said, “A science that hesitates to forget its founders is lost”
(Kuhn 2012).

Science doesn’t forget its heroes; science revises its heroes’ works to fit into the current
paradigm. The scientist who gains the recognition, however, is not always the one who answered
the question first. Science is not always fair in this way. All too often, the recognition doesn’t

merit the investigator who answered the question first, but instead the investigator who did it best



or loudest. The corollary to this is that there will always be scientist’s scientists, people that

practicing scientists know as the folks who should be recognized yet they simply aren’t as flashy.

Birth of the Excitable Cell

The birth of the excitable cell began when a cell first acquired a lipid membrane. The
lipid membrane acts as a barrier separating the cells’ organelles, cytoplasm, proteins, nucleus,
and many other parts from the surrounding environment. Once a membrane was established the
cell evolved to have membrane transport mechanisms to move nutrients and ions across the
membrane. This flow of ions creates an electrical potential difference across the membrane that

is highly specific to each cell type (Nicholls and Ward 2000).

The resting membrane potential is crucial for the function of excitable tissue, muscle, and
nerve. The resting membrane potential is specifically controlled by the ion channels and ATP
pumps expressed in each cell type. It is a conduit for the propagation of action potentials in

excitable cells (Abdul Kadir et al. 2018). An action potential is the sending of an electrical signal

along a cell. The electrical signal is then passed to neighboring cells through gap junctions and
neurotransmitters. Excitable cells define who we are. Can you imagine your heart laying limp in
your chest unable to pump blood through your entire vasculature? Or if your sensory neurons
were slow to react to the hot flame? How would your body regulate insulin levels without the
bursting activity found in pancreatic f-cells? In the absence of excitable cells, we would cease to
exist.

Every living mammal has an average of about 1 billion heartbeats within its lifetime. This
was true until modern medicine started helping humans outlive this average reaching close to 2.5

billion heartbeats in a lifetime (Bryson 2019; Dunn 2015). How does the heart, a muscle,




contract continuously throughout your life? The heart contracts by propagating an action
potential across the myocardial tissue and is similar to the electrical potential that crosses the
neuronal membrane.

The transmembrane ionic currents in myocardial cells are initiated by the Sinoatrial Node
SAN and choreograph the cardiac electrical impulse. The SAN action potential has a slow
depolarization that is regulated by hyperpolarization cyclic nucleotide-gated HCN channels.
Then T-type Ca** channels open and further depolarize the cell. When the transmembrane
potential reaches -40mV the L-type Ca?" channels open and depolarize the cell to +40mV.
Following this, the delayed rectifier K* channels hyperpolarize the cell as the Ca?" channels
close. The pacemaker cells of the heart are electrically coupled to the cardiomyocytes through
gap junctions. This allows all neighboring cells to depolarize and coordinate the heart as one
unit.

The myocardial action potential can be thought of in four parts. First, there is the rising
edge also called the depolarization that is initiated by the neighboring SAN action potential. The
initial phase of the myocardial cell depolarization is controlled by fast activating Na* voltage-
gated channels and slow L-type Ca?* channels. Activating these ion channels brings Na* and
Ca?" ions into the cell. Then, as the cell reaches maximum depolarization or early repolarization,
the Na* channels close, and the K* channels open. There are two K* currents, the IKs and the
IKr. The IK channel is made from the KCNQ channel family and slowly repolarize the cell. The
IKR current is encoded by the Human Erythro-Gogo HERG channel rapidly repolarizes the cell.
The second is the plateau phase when the IKs current conductance drives the action potential

slowly back to baseline but the Ca** channels stay open. The third phase is repolarization when



the Ca?* channels close, and the IKr current drives the cells back to a hyperpolarized state.
During the repolarization period, the leaky K* channels open and ATP ion pumps restore the
Na*, Ca?*, and K" ions to resting transmembrane ionic concentration gradients (Milstein et al.
2012).

When we eat glucose enters our bloodstream and pancreatic f-cells respond by releasing
insulin. Insulin is a hormone that signals cells to absorb the sugar in the bloodstream so it can be
used for energy or stored. Insulin acts to regulate blood sugar levels. Humans diagnosed with
type 1 and 2 diabetes have significantly reduced function in their beta cells, leading to
insufficient insulin secretion and hyperglycemia. The S-cells have a complex response to the
metabolism of glucose that affects ion channels, transporters, and pumps that create
spatiotemporally coordinated electrical activity resulting in the secretion of insulin. Glucose

initiates the release of insulin which induces depolarization and the firing of an action potential

(Jacobson and Philipson 2007). The falling phase of the S-cells action potential is due to the

voltage-gated K* channels (Jacobson and Philipson 2007).

A notable example of an organelle with a membrane potential is the mitochondria.
Mitochondria are essential to the life and death of a cell because they generate most of the
chemical energy, adenosine triphosphate (ATP), needed to power the biochemical reactions

within the cell (Mammucari et al. 2016). The biochemical reaction is driven by mitochondria's

ability to regulate the flow of ions across its membrane by using proton pumps. These proton
pumps work to create an H' proton gradient and a pH gradient that is essential for the process of

energy storage during oxidative phosphorylation thus driving the synthesis of ATP (Nicholls and

Ward 2000).



Interestingly, mitochondria are also a sink for Ca?* within the cell, however, the
endoplasmic reticulum is the greatest intracellular Ca®" storage organelle. Mitochondria control
cellular Ca®* levels by regulating the sequestration and release of Ca?". The uptake of Ca?" by the
mitochondria is driven by the membrane potential difference which is generated by the electron
transport chain. This affects cellular signaling which is important in muscle function, cell

migration and growth, neuronal excitability, and muscle contraction (Giorgi et al. 2018).

Cell Theory

Cell theory can be captured in three parts. First, all living organisms are composed of one
or more cells. Second, the cell is the most basic structure of organization within an organism.
Finally, the cell must come from pre-existing cells. The requirements for cells to function
include the ability to self-organize, self-regulate, contain self-support structure and movement,
and self-replicate. Although all cells have the same general moving parts, such as mitochondria,

nucleus, and membranes, not all cells are equal (Deiters and Guillery 2013).

Robert Hooke was the first to coin the term “cell” while examining the dead cells of cork.
He had done significant work using microscopy and published a book called Micrographia that

described his observations (Mazzarello 1999). However, it was Theodor Schwann who originally

described that all tissues of living organisms were made up of cells. But this theory didn’t hold
up when it came to the nervous system. Karl Dieters images showed a cell that included an axon
and dendrites. It wasn’t clear what part of the image was the cell. How did the cells of the

nervous system connect to other cells? How did they communicate? Was it one single connected



mass of cells that shared cytoplasm or discrete cells that shared borders (Probst and Langui

1994)?

The neuron doctrine theory states that the nervous system is made up of many discrete
cell types that are anatomically and genetically independent. The neuron doctrine is credited to
Ramon y Cajal, however, the theory was borne from the work of many notable scientists such as

Camilo Golgi, Franz Nissl, August Forel, Jan Purkinje, among others (Probst and Langui 1994).

The Neuron Doctrine

It is important to remember that science was borne out of religion and the hope to find
evidence therein. The Latin word for soul, ‘anima’, means to “have breath or soul”. This later
became the derivative of the English word, animal. “Animal Spirits” were the elusive entities
that acted as the messenger of the soul, guiding a person to discover sensation according to

classical science (Piccolino 2006). A common philosophy at the time was that electricity was

responsible for the “animal spirits” and that there was a fluid that propagated along nerves.
In 1791, Luigi Galvani, an Italian physicist and biologist, was the first known man to
observe the electrical pulse of the nervous system in frogs. He proposed that the muscles of dead

frogs legs twitched when subjected to an electrical pulse because of (Piccolino 2006) “the flow

of an extremely tenuous nervous fluid...similar to the electric circuit which develops in a Leyden

jar” (Galvani 1791). Alessandro Volta, a physicist that became interested in Galvani’s work,

decided that the frog nerve was bereft of electricity itself, but instead acted as a Leyden jar due to

the metals that Galvani used to connect the muscle and nerve (Piccolino 2006). Volta argued that

an external electric stimulus was necessary to allow for the muscle contraction, while Galvani

believed there was a disequilibrium between the animal tissues, driving the electrical pulse.
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Interestingly, both men were correct (Piccolino 2006). Alessandro Volta himself would go on to
create the electric battery, a monumental moment in science and human life. However, Galvani's
experiments led the way in understanding electrical impulses and how they travel. But what did
these cells look like upon which electrical pulses traveled?

Following this, German neuroscientist Otto Freidrich Karl Deiters (1869) proposed that
the neuron had two distinct parts to its cell body: an axon and a dendrite. Unfortunately for Otto,
his famous and detailed studies on the neuron cell, showing that each cell had a single axon and

multiple dendrites, were published postmortem (Deiters and Guillery 2013). A revolutionary

technique developed by an Italian neuroscientist in 1873 used silver to stain and visualize nerve
cells including the axon and dendritic branches in detail. This silver staining technique was

termed the “Golgi stain” after its founder Camillo Golgi (The Nobel Prize in Physiology or

Medi...). Golgi believed that the nervous system was a single continuous network, also known as
reticular theory. However, the Golgi stain technique was then used by Santiago Ramon y Cajal
who drew what he saw through his microscope. Cajal wanted to be an artist, but instead gifted
the world of neuroscience his draughtsmanship by publishing drawings of neurons with
incredible detail. He went on to develop the concept of the “Neuron Doctrine”, a theory that the
nervous system is made up of discrete individual cells. Interestingly, both Golgi and Ramon y
Cajal were awarded the Nobel prize in 1906 even though their views on the neuronal system

differed (The Nobel Prize in Physiology or Medi...).

Establishing the Membrane potential

Axoplasm and birefringence
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By the 1900s scientists had discovered that signaling in neurons was electrical while
signaling between neurons was chemical. They discovered that there were bursts of activity
which was coined the Action Potential AP, by Julius Bernstein. In 1868 Bernstein produced the
first accurate description of the action potential and published “Membrane Theory of Electrical
Potentials” in Cells and Tissue in 1902. His fundamental idea drove later experiments on the
conduction of the nervous impulse and still holds today. He concluded that the action potential is
a self-propagated mechanism driven by the differences between the external and internal surfaces

of the neuronal membrane (Seyfarth 2006). It was clear that there was a general flow of charged

particles across the membrane but the full details behind the action potential remained unclear.
A landmark paper was published in 1922, “A Study of the Action Currents of Nerves
with a Cathode Ray Oscillograph”, by Nobel Prize winners Herbert Gasser and Joseph Erlanger.
They developed the time course of the action potential including the refractory period, local
graded responses to stimulation, and the ionic nature of the AP. To do this they used a cathode

ray oscillograph that was designed by J.B. Johnson (Gasser and Erlanger 1922; Index of Review,

1921 1921), a tool that was sensitive enough to measure small changes in voltage. They attached
two recording electrodes to a frog sciatic nerve that sent the electrical signal through a three-
stage amplifier onto two horizontal plates within a glass tube encasing an anode and a cathode.
The amplified signal from the nerve impinged a vertical movement onto the cathode ray which
was read as a change in voltage. The ray is projected onto vertical plates and is processed in a
spreading device where standing waves can then be recorded by hand or photographed. The use
of this instrument and their subsequent findings that there were multiple nerve fiber types and

that there was a correlation between the diameter of the nerve fiber and the speed of the action
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potential awarded them the Nobel Prize in physiology in 1944 (Gasser and Erlanger 1922; Nobel

Prize for Physiology and Medici...).

Following this, Hill and Keynes described a change in the opacity of a shore crabs nerve
when stimulated. They suggested that there was a change in viscosity within the axoplasm of the
nerve which was translated as changes in scattering light. However, they were unsure if the
optical scattering could otherwise result from optical property changes in the membrane of the
axon. They used a photocell that changed its resistance depending on the amount of light that
was scattered after passing light through a nerve that was stimulated. A second photocell acted to
balance the light component. They measured the resulting differential photocurrent as a voltage
across a series resistance that was then recorded by a cathode ray oscilloscope. This would lead
to the idea that the axoplasm contained ions that were changing with electrical conductance (Hill

and Keynes 1949).

A Brief History of the Patch Clamp

The Giant Squid Axon

Much of what we know about neuroscience has come from sea species such as the
Aquerea Victoria, Decapodiforms, Aplasia Californica, Beggiatoa, Discosoma sea anemone--
i.e. jellyfish, squid, slugs, corals, and sulfur loving bacteria. Reductionist science helps us use
these organisms to answer questions about the brain’s electrical conductance and guide us to the
next logical experiment. By the early 1930s, the axon of the giant squid was consistently being
used for exploration of the action potential. Many foundational principles in neuroscience were

born at the Marine Biological Laboratory in Woods Hole, MA, where a plethora of squid was
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harvested for their giant axons. Two men, George Marmont and Kenneth Cole shared a lab there
in the early 1940s (Cole 1982).

The current clamp was invented by Marmont in 1947 allowing researchers to measure
transmembrane voltage while simultaneously controlling the transmembrane potential. The
method involves injecting positive or negative current constantly while measuring the voltage
change across a cellular membrane. In his original design, Marmont had one wire injecting
current while the other wire was inserted into the axon for recording the voltage. Outside of the

axon was a reference electrode which allowed him to measure the changes in membrane voltage

(Vm)(Cole 1982; Marmont 1940).

Meanwhile, Sir Kenneth Cole was deeply invested in getting successful measurements
using a similar technique but instead of measuring current, he measured voltage. They worked
using the same equipment at different hours of the day, and the circuit configurations were
switched easily by a connection block with two plug-ins. By using a voltage clamp Cole could
control voltage across the membrane through an electronic feedback circuit. To measure the
capacitance of the cell he used voltage stepping, a method that involves holding the voltage at a
preset number and increasing or decreasing the voltage over time. Then at each voltage step he
measured the amount of current supplied or absorbed by the circuit needed to hold the voltage
constant. Therefore, the voltage clamp supplies the experimenter with the ionic current flowing

across the membrane in response to the voltage step (Cole 1982; Cole and Baker 1941; Cole and

Curtis 1941).

The Ionic Nature of the Action Potential
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An initial problem that Hodgkin and Huxley had to fix was that Cole had been
investigating the action potential by controlling for voltage using a single axial wire. A single
wire created an electrode polarization that is due to the metal exposure to an electrolyte solution.
This interface leads to a decreased measurement of an outward current when trying to depolarize
the cell. Hodgkin and Huxley optimized this protocol by using two internal electrodes; one to
pass current and one to measure voltage.

The initial upstroke of the action potential was computationally predicted by Hodgkin

and Katz and later experiments showed this (Hodgkin and Katz 1949). They examined the effect
of the sodium current on the electrical activity of the squid giant axon. The hypothesis was built
on the ground that the ionic composition of the axoplasm of a squid nerve is different from that
of the seawater in which the axon is immersed. The resting membrane theory, proposed by
Bernstein, assumes that the membrane is permeable to potassium and prudently permeable to
sodium. However, they proposed that the reversal of the membrane potential is obtained if the
membrane increases its selective permeability to sodium by becoming highly permeable to
sodium. The take-home message was that they proposed that the active membrane had a special
mechanism that allowed the sodium ions to cross the membrane at a much greater rate than either
potassium or chloride. Therefore, the permeability to sodium would rise to a value that is much

greater than that of potassium or chloride (Hodgkin and Katz 1949).

In March of 1952, Hodgkin and Huxley reported a series of experiments that led to the

ionic basis of the action potential in a giant squid axon (Alan Lloyd Hodgkin - Nobel Lecture;

Hodgkin and Huxley 1952; Hodgkin and Huxley 1952). Initially, they produced two papers

examining the components of the membrane and portrayed it as a capacitor and each ion with
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varying conductances. They then detailed their experimental procedure and the measurement of

current and voltage in the squid giant axon (Hodgkin and Huxley 1952; Hodgkin et al. 1952).
Next, they examined the sodium conductance and confirmed what Katz and Hodgkin had
hypothesized. They found that the membrane potential directly influences the flow of sodium
ions across the membrane. They also found that a membrane can go through a refractory period
during which time the sodium conductance is slow, even if the membrane is further depolarized

(Hodgkin and Huxley 1952: Hodgkin and Huxley 1952: Hodgkin and Katz 1949).

Finally, they determined the influences of the ionic currents driving the action potential
and which currents are active during the various stages of the action potential. They determined
that the inward current in the voltage clamp measurement was probably due to sodium ions
because the inward current was of the correct magnitude and occurred over the same range of
membrane potentials as they had discovered in their previous paper. To test this they placed the
axon in a reduced or sodium-free environment and when they did so the inward current tapered
off or disappeared. Next, they examined the outward current which they predicted was due to
potassium ions. However, because the current is outward, they could not repeat the same
experiments that they used to determine the inward sodium current. They then suggested that the
system was made of two components, both the sodium current and the potassium current and
they determined the time course for both. Amazingly, they found that the current depended on
the concentration difference of the ions on either side of the membrane and the electrical
potential difference across the membrane. They determined that each ion has an equilibrium

potential, Ei,n, which means that at a certain voltage, the current of the given ion effectively falls
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to zero. Then the driving force on the ion can be measured as the difference between the

membrane potential and the equilibrium potential (Hodgkin and Huxley 1952).

They concluded their series of five papers by summing up their experiments and
expressing a set of nonlinear differential equations that generally characterized excitable cells
such as neurons or cardiomyocytes as though they were an electrical circuit (Hodgkin and
Huxley 1952). Hodgkin and Huxley won the Nobel Prize in 1963 for their clear and methodical

analysis of ionic currents concerning voltage changes across nerve membranes and the

differential equations underlying them (Alan Lloyd Hodgkin - Nobel Lecture ). Although the
concept of the ion channels existed, there wasn’t a method available for directly measuring the
unit events that made up the action potential. The current of a unit event was drowned out by the
background noise associated with measuring the electric current passing through the cell
membrane.

Membrane biophysicists believed that if measurements could be taken at the molecular
level with increased resolution, an entire world of signaling molecules could be found (Neher

and Sakmann 1992). Bert Sakmann and Erwin Neher studied together at the Max Planck, then

Sakmann went on to study biophysics as a British council scholar at UC in London under
Bernard Katz from 1970-1973. During this time Bernard Katz and Ricardo Miledi published
findings using a statistical analysis that indicated that there were electrical events that constituted
the voltage fluctuations at the neuromuscular junction. This provided mounting evidence that
there were small channels in the membrane causing these electrical signals to propagate (Katz

and Miledi 1972).

The Patch
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Immediately following this, Erwin Neher and Bert Sakmann discovered the patch-clamp

technique which would later gain them the Nobel Prize in 1991 (Sakmann 1992). They

specialized the voltage clamp by creating a micropipette that allowed for a perfect seal between

the pipet and the cell membrane. Initially, this micropipette was a heat polished glass pipette that

was placed along a running radio player to polish the point of the open tip (Neher and Steinbach
1978). Using a slight suction through the pipette with a resistance of 10-100G€Q2 they create a
“giga seal” and can isolate a small patch of the membrane and the ion channels that are present

(Sigworth and Neher 1980). The channel's properties are then available for manipulation

electrically or chemically. Since the original Whole patch technique was created many types of
patch-clamp techniques have been developed such as the inside-out, outside-out, outside-in

(Hamill et al. 1981).

Their original studies were on the role of ion channels in synaptic transmission at the

neuromuscular junction of frog skeletal muscle(Neher and Sakmann 1976). Specifically, they

were looking at the ionic channel associated with acetylcholine (ACh) receptors. By carefully
recording from the membrane and applying different agonists and antagonists to the muscle fiber
that they were recording from they were able to see single ionic currents of ACh. The Ohmic seal
allowed researchers to apply voltage to even small cells, which was previously impossible to do,

due to the need to insert wires into large axons (Neher and Sakmann 1976). This novel voltage-

clamp technique was termed Whole-cell recording and allowed researchers to access the
intracellular membrane of the cells that are only a few microns in diameter without sticking in a

microelectrode.
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A fundamental piece of the patch-clamp invention was the amplifier that Fred Sigworth

built by hand (Hamill et al. 1981; Sigworth and Neher 1980). As the patch-clamp technique was

perfected hundreds of labs started detailing ionic channel properties in detail. Indeed, a profound
paper by Sigworth and Neher detailed the voltage and time-dependent conductance of sodium
channels, and their function in propagating the action potential in cultured rat muscle cells.

(Sigworth and Neher 1980). By doing voltage-step-clamp experiments they determined that the

sodium channel conductance had rapid transitions between closed and open states. They were
able to determine the resting potential of the cell as a value V and it was the first time that a cell

had been voltage-clamped without the addition of electrodes.

Ion Channels The basic study and fascination with ion channels was born. Ion channels
are transmembrane proteins that allow for the passage of inorganic ions to cross a cell's
membrane. The ions rapidly move across the membrane depending on their electrochemical
gradients. These ions are the driving force behind an action potential and the bread and butter of
understanding excitable cells. The opening of an ion-selective channel in a cell membrane is the
initial driver of everything we experience, from pain to pleasure, thoughts, and sensation. The
excitable cell is an aggregate of ion channels, each cell type having a unique combination of

channels that complements the function of the cell.

The Action Potential

The Hodgkin-Huxley model states that there is a disequilibrium of electricity along the
plasma membrane, which is made of a lipid bilayer. This bilayer is hydrophobic and is

impermeable to the flow of electricity or charged ions. However, ions can flow across the
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membrane through specialized ion channels. At rest, the membrane potential is negative,
meaning the inside of the nerve is more negatively charged than the outside of the membrane.
The initial generation of the action potential is due to a slight increase of positive ions across the
membrane from the extracellular space. This ionic flow causes a further positive potential or
“depolarization” if there is enough passage of positive ions into the nerve. The sodium gated ion
channels that line the nerve open when the cell reaches a sufficient depolarization or positive
potential further driving the cell's electrical pulse along the membrane. This leads to the
“Hodgkin Cycle”, where the initiated zone on the axon leads to a trigger (opening of sodium
channels) nearby, thus driving the electrical pulse to that zone and so forth.

The distinguishing ions of the action potential can generally be conceived as Na*, K*, CI,

and Ca*" (Bear et al. 2007). A combination of Na* and Ca*" ions enter the cell during the initial

response to stimulus in an electrical cell. The voltage-gated sodium channel (Nays) is the driver
of the action potential, initiating the potential generation (Miller 1992). Following this, the
voltage-gated potassium channels open bringing the cells membrane potential back to a negative
(hyperpolarized) state. Finally, both the voltage-gated sodium and potassium channels close, and
the sodium-potassium pump brings the cell back to the resting state so that the cell can fire an
action potential and do it all over again! Amazingly, this happens on the order of milliseconds

(Payandeh and Minor 2015).

Voltage-Gated Sodium Channels The eukaryotic voltage-gated sodium ion channel Nav

consists of four domains in a single polypeptide chain. In humans, there are nine Nav isoforms
that all have differing pharmacology, and functionality and are generally fast inactivating

(Catterall et al. 2005). The sodium channel is what brings the cell membrane into a depolarized
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state, and fast activation and inactivation of the Nay channel confers high conduction velocity to
the speed of the action potential. Typically, the Nay channel has three states, activated, refractory
(inactive), and closed. The activated state occurs when the membrane potential reaches a
sufficient depolarization, and the channel's voltage-gated mechanism can open the pore. The
refractory period is when the channel's voltage gate is open, however, the inactivation gate is
closed and current cannot flow. Eventually, the channel moves back to its closed state, where the
inactive gate is open, but the voltage activation gate is closed, ready to respond to the next
depolarization.

The bacterial voltage-gated sodium channel, NaChBac, was first discovered in 2001 and
was critical for the ion channel field due to its high potential for delivering a high-resolution

crystal structure due to its small size (Ren et al. 2001). This could then be used to give potential

understanding to the eukaryotic Nays. Greater than 500 members of the bacterial voltage-gated

sodium channels (BacNay) have been discovered and examined (Koishi et al. 2004). But it

wasn’t until 2011 that a full-length BacNay crystal structure of a mutant NayAb from Arcobacter

butzleri was developed (Payandeh et al. 2011). In recent years, detailed studies on the

characteristics of conformation states of the bacterial voltage-gated sodium channel have been

published (Amaral et al. 2012; Bagnéris et al. 2015; Payandeh and Minor 2015). Since the

discovery of NaChBac, many bacterial orthologue crystal structures have been determined, as

well as the eukaryotic Nay (Amaral et al. 2012; Payandeh et al. 2012; Shen et al. 2017;

McCusker et al. 2012: Shaya et al. 2014).

The human sodium channel has an enormous coding region that exceeds the carrying

capacity of most viruses. The BacNay is a particularly interesting channel because of its small
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(<1 kb) genome compared to its mammalian ortholog, Nay channel (>6 kb) (Ren et al. 2001).
This small size allows it to be placed in conjunction with other ion channels into a single virus
for exogenous expression. One lab went on to engineer the bacterial sodium channel de novo to

have specific characteristics such as enhanced conduction velocity which could be used in

building synthetic tissues (Nguyen et al. 2016).

Voltage-Gated Potassium Channel The potassium channel brings the cell membrane

potential close to the equilibrium potential of potassium and in excitable cells, it concludes the
depolarization of the action potential and brings the cell back to “resting state”. The voltage-
gated potassium channel is a large family of ion channels that confer rhythmic activity to the
excitable cell.

Perhaps most significantly, the drosophila has contributed deeply to our understanding of
the K* channel. The drosophila is a perfect model organism as it has 70% of our genes and many

of the signaling pathways between flies and humans are the same (Littleton and Ganetzky 2000).

The first cloned voltage-activated K* channel, Shaker, was found in drosophila and many more

since then (Papazian et al. 1987). The Shaker channel demonstrates a rapidly activating and

inactivating potassium current (Covarrubias et al. 1991). The study of the drosophilids Ky

channel has accounted for a large body of knowledge in the understanding of the function of the
channel. The axonal membrane of a neuron predominantly expresses the delayed rectifier

potassium channel, Ky1(Rogero et al. 1997). This delayed rectifier confers a brief period of

“refractory”, where the neuron cannot fire. This is important in allowing the cell to reset before

firing the next action potential.
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ATP Pump (Transport Proteins)

Sodium-Potassium Pump The sodium-potassium pump was the first ion pump discovered
and is found in many cell types. It is an integral membrane protein that is powered by ATP and
can move ions against the concentration gradient. For every ATP that is broken down, the pump
moves three sodium ions out of the cell, and two potassium ions in. The pump contributes by
regulating the resting membrane potential and helps prevent cell lysis. The pump also acts as an
enzyme and functions by hydrolyzing ATP which couples ion movement through protein

conformational changes (Faller 2008).

Serca Pump The Sarcoendoplasmic reticulum (SR) calcium transport ATPase (SERCA)
pump transports calcium ions from the cytoplasm into the SR. It is ATP driven and is found in
many different tissue types. By keeping cytosolic calcium levels low it contributes to cellular
processes such as synaptic transmission, muscle contraction, and fertilization (Primeau et al.
2018). The SERCA pump plays a large role in muscle contraction, such as cardiac and skeletal
muscle, and can promote relaxation by pumping ions into the lumen of the SR. Interestingly,
compared to the Sodium pump which has nine small transmembrane peptides, the SERCA only

has two regulatory subunits (Primeau et al. 2018).

Gap Junctions Gap junctions are specialized intercellular connections that connect the
cytoplasm of the two cells. They are made up of connexin proteins, which is a multigene family
in mammals. Connexin-43 Cx43 is one of the most prevalent connexin proteins and allows for

exchanges of ions, molecules, and gasses to pass between cells (Laird 2006). Activation of PKA,
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specifically its second messenger cAMP, has shown to lead to increased phosphorylation of

connexin-43 (Atkinson et al. 1995).

Neuronal Transduction Signals ( Excitatory/Inhibitory) Interestingly, imaging with

fluorescence came before the patch-clamp, marking the beginning of a long-term effort to find
better organic voltage-sensitive dyes and ways to image voltage (Cohen 2011). The study of the
changes of light scattering and birefringence in axons marked a radical moment in biology
(Cohen et al. 1968). The theoretical concept that a membrane potential could be measured by
using changes in fluorescence, specifically using dye, such as merocyanine was conceived in
1973 (Davila et al. 1973). This later became the platform for creating genetically encoded
biosensors to provide molecular insights into the brain.

The initial discovery of the Green Fluorescent Protein GFP was crucial to the continued
development of imaging techniques. It was first discovered in the bioluminescent jellyfish
Aequorea Victoria and the work surrounding it was awarded the Nobel prize in 2008 (Chalfie
2009). Surprisingly, the GFP emits green light without needing additional cofactors. The
electrons in the GFP protein are excited before they drop to a lower state due to internal

conversion, before finally dropping to ground state. At this point, a photon is emitted at a higher

wavelength than the original excitation because of lost energy (Chalfie et al. 1994). The GFP
can be expressed and detected with high specificity in any gene within a living organism (Chalfie
2009). Today, genetically encoded fluorescent proteins are the backbone for many fluorescent

reporters.
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Synapto-pHluorins Scientists now had a deeper grasp on how neurons were excited, and

how they propagated signals along their axon, but the lacuna was how they communicated. A
famous model of neurotransmitter release is based on experiments that determined
neurotransmitter is released at the frog neuromuscular junction (MacRae 1967; KATZ and B
1969). Before an action potential, the vesicles that contain neurotransmitters are near the
membrane, and each vesicle is a “quanta” (Rosenmund and Stevens 1996). Katz determined that
at the neuromuscular junction, per action potential, a quanta of several hundred are released
(Yuste et al. 2000; KATZ and B 1969). The vesicle’s membrane is re-internalized into the cells
membrane upon release where it is then recycled and its interior is again filled with
neurotransmitters (Heuser and Reese 1973).

Early investigation into the neurotransmitter release at the neuromuscular junction
functioned on using horseradish peroxidase HRP. The HRP could be visualized using electron

microscopy and viewed ex-vivo post sectioning of the tissue (Ceccarelli et al. 1973; Heuser and

Reese 1973; Holtzman et al. 1971). Following this, synthetic amphipathic compounds and

fluorescent dyes became popular as they became brightly fluorescent after they were inserted
into a lipid bilayer. The dye could be viewed after the residual dye had been washed off and was

shown to be successful in invertebrates, vertebrates, and neurons in culture (Cochilla et al. 1999;

Betz et al. 1992; Ryan et al. 1993; Ryan et al. 1997). However, the dyes often were un-specific

and proved to be insufficient in brain slices where many synapses are crowded into small

volumes and staining and washing solution was a limiting factor due to probe access (Yuste et al.

2000).
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Investigators needed an experimental design to distinguish synaptic membrane proteins
as resting or exocytosed in-vivo to determine when and where there is neurotransmitter release.
The answer came in the form of a genetic tool that reports the local pH via a pH-sensitive mutant
of GFP, termed “pHluorins,” which afford investigators the ability to see where and when a

neurotransmitter is being released from the cell (Yuste et al. 2000). Synapto-pHluorins are

genetically encoded, therefore the synapse can be labeled specifically (Miesenbock et al. 1998;

Miesenbdck and Rothman 1997). The structure of the synapto-pHluorin is a chimera between a

GFP that reports pH (pHluorin) and a vesicle membrane protein VAMP-2, which binds the
pHluorin to the inner vesicle surface. The pHluorins are located inside the synaptic vesicles in an
off state. Upon exocytosis, the interior of the vesicle becomes exposed to the extracellular space,
where the pH is ~7.4, and the pHluorins excitation spectrum switches to an “on” state

(Miesenbock et al. 1998). However, as with most fluorescent genetically encoded reporters, the

signal is often much dimmer than the dyes

Activation systems for Excitable Cells

Photodynamics

Photodynamic action arose as a field in the late 1800s and demonstrated that in cell
culture, long-wavelength light increased toxic oxidation and free radical formation in the media

(Richardson 1893: Blum 1932: Stoien and Wang 1974: Dixit and Cyr 2003: Stockley et al.

2017). Oddly, in 1971 Richard Fork showed that 488 nm laser radiation can excite the aplysia
californica, although he did not know by what mechanism. To follow up on this, a 2002 study

showed that multiphoton lasers induce depolarizations and the authors hypothesized that there
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were chromophores, such as flavins that increased H202 production and therefore the
depolarization was mediated by the generation of reactive oxygen species. The other theory of
mechanism was, that through the heating by the laser they were causing microholes in the

membrane which increased the rate of repolarization (Hirase et al. 2002).

The cautionary tale from a 2019 paper by Gray and Tyssowski shows that blue light
increases neuronal activity-regulated gene expression in the absence of optogenetic proteins

(Tyssowski and Gray 2019). They found with exposure to blue light wavelengths at time points

between 1-6 hours there was an increased expression of activity-regulated genes such as Fos,
Npas4, and Bdnf. This study demonstrates that experimenters trying to measure transcription
following optogenetic stimulation should be cautious and run light only controls in the absence

of optogenetic proteins (Tyssowski and Gray 2019).

Bacterial Rhodopsin

The idea that an inert cell could be made alive was perhaps first introduced by Mary
Shelley in 1818, in her wonderful book, Frankenstein. However, she was probably influenced by
Luigi Galvani's work. Nearly two centuries later scientists began trying to excite cells that are
both typically non-excitable (HEK293/CHO etc.) and excitable (neurons/heart cells) using
molecular techniques. In the 1970s, the species archaeon Halobacterium salinarum provided

neuroscientists with two tools; bacteriorhodopsin and halorhodopsin (Oesterhelt and Stoeckenius

1973). Bacteriorhodopsin has been shown to pump charged ions across neuronal membranes in

species such as yeast, and frog oocytes (Nagel et al. 1995:; Hildebrandt et al. 1993; Hildebrandt et

al. 1989). Meanwhile, optical uncaging of neurotransmitters with ultraviolet laser pulses was
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becoming a powerful method for activation of neurons but it was not neuron type-specific

(Adams and Tsien 1993; Wang and Augustine 1995). A review by Francis Crick “suggested”

that neuroscientists should tell molecular biologists of their problems in hopes that this will
stimulate the production of novel biological tools, specifically that light could be used to
individually activate and target neurons, turning them on and off (Crick 1999). Indeed, the idea

for activating genetically targeted neurons with light was circulating in labs across the globe.

Photo-regulation and Caged Compounds

Neurons often communicate via two routes for the transduction of excitatory signals. As
touched on earlier, the neuron signals to other neurons by excreting synaptic vesicles that are
filled with neurotransmitters. Neurotransmitters act as ligands when binding to the receptors on
neighboring cell membranes. Apart from direct gap junctions that allow ions to flow between
cells, there are two major signaling systems, the metabotropic and the ionotropic
system. lonotropic systems immediately affect the cell because they are ligand gated ion
channels that open in response to binding. The metabotropic signaling system acts on receptors
at the cell membrane that when bound to their specific ligand, stimulate the cell by acting via

second messengers and have endless downstream effects within the cell (Bear et al. 2007).

Specifically, when G Protein-coupled receptors GPCRs bind receptor molecules outside
the cell, they then modulate activity within the cell through two main pathways, cAMP and
IP3/DAG. cAMP is known to bind to the cAMP response element-binding protein (CREB) that
is closely related to cell proliferation and is responsible for binding cAMP response elements

(CRE) that increase and decrease the transcription of some genes. cAMP is also known to
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regulate c-fos and junB. The cAMP/PKA signaling pathway is well characterized as serving
several roles such as cell survival, synaptic plasticity, and gene expression. It is also a mediator
in the pathogenesis of disorders related to learning, mood, and anxiety (Alberts 2017). The IP3
pathway activates phospholipase C, which then hydrolyzes phosphatidylinositol 4,5-
bisphosphate PIP2. This results in two second messengers inositol 1,4,5,-triphosphate IP3 and
diacylglycerol DAG. IP3 binds with IP3 receptors on the ER and Mitochondria which opens
Ca?" channels. DAG activates Protein Kinase C which phosphorylates enzymes resulting in
regulating their activity. Interestingly, the activation of PIP3/DAG also regulates cAMP and the

corresponding phosphodiesterases (Capel et al. 2019; Mikoshiba 2007).

A pioneer in photo regulation was the Erlanger group, demonstrating a model for light-
controlled metabolic systems. The authors synthesized a soluble photochromic ligand that could
activate and inactivate chymotrypsin by harnessing the isomerization of the light-sensitive

azobenzene linked to diphenylcarbamyl-chloride (Kaufman et al. 1968). This opened the door for

other pharmacophores to be used to activate and inactive enzymes. To this end, groups built
photo-regulated adolases, urease, amylase, acetylcholinesterases, and many more (Bieth et al.

1969: Wainberg and Erlanger 1971: Montagnoli et al. 1976: Hug 1978).

A lab in New York was one of the first to produce a genetically targeted metabotromic
method. They built a genetic tool that combined rhodopsin from the Drosophila photoreceptor
gene combined with the alpha subunit of the cognate heterotrimeric G protein, dubbed
“chARGe”. Using chARGe they were able to stimulate photo cascades in rat hippocampal

neurons (Zemelman et al. 2002).




29

Another technology that arose from this lab was the use of “caged” compounds or
ligands. Often the technology involved cognate receptor and agonist to be ectopically expressed
and using the light “caged” ligand could then activate the receptor of choice. Gero Miesenbocks
lab was ahead of the curve on this technology in many ways. Not only did he design
metabotropic light-activated systems, but he also designed ionotropic systems. His lab designed
many tools such as the capsaicin receptor (TRPV1), and the ionotropic purinergic receptor (P2x)
to be controlled optically, by using photorelease of the active compounds for the said receptors

(Zemelman et al. 2003). What was incredibly useful was that they could express their optically

gated ion channels in groups of neurons in vivo that would evoke behavioral responses that were
specific to the site of ectopic expression. This work provided a novel technology that assisted in

determining the connectivity and dynamics of neuronal circuits (Lima and Miesenbock 2005).

Following the “chARGe” of Misenbock’s group, Isocoff, Trauner, and Kramer created a
synthetic photoisomerizable Azobenzene regulated K* channel (SPARK) that could induce

mammalian depolarization (Banghart et al. 2004).

Another mentionable scientist in this field was Har Gobind Khorana. He won the Nobel
prize in 1968 while working with Marshall Nirenberg and Robert Holley at the University of
Wisconsin in Madison for determining the genetic code of DNA. Shortly before he retired from
MIT, Khorana produced extraordinary work on rhodopsins. Specifically pertinent to this body of
work was a study done by H.G. Khorana et al., where they created a prototype for structure-
function studies on GPCRs. Their first chimera was a rhodopsin containing a B2-Adrenergic
Receptor, creating a light-activated system that probed if GPCRs contain common activation

mechanisms (Kim et al. 2005). Khorana was known for his dedication to not only science, but
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his dedication to mentoring young scientists, and his profound humility (Finn and News Office

).

Onptogenetics is Coined

A revolution was sparked to control neuronal activity with fantastic spatiotemporal
precision driving Roger Tsien, Karl Deisseroth, and Ed Boyden, along with other labs, to work
on placing channelrhodopsins into mammalian neurons. A landmark paper in Nature
Neuroscience by Karl Deisseroth, Ed Boyden, and Feng Zhang showed the first use of a single
component, channelrhodopsin-2(H134R)-eYFP construct from Nagel and Hegemann (Nagel et
al. 2003), could indeed elicit excitation in rat hippocampal cultured neurons. Compared to other
genetically encoded photo methods such as “chARGe” or “SPARK?”, the channelrhodopsin

provided voltage control on the millisecond time scale (Boyden et al. 2005; Zemelman et al.

2002; Banghart et al. 2004). The term “Optogenetics” was coined following the paper by

Boyden, in a paper published by Schnitezer et al., and is used to describe light-driven channels

placed exogenously into species through genetic control. (Deisseroth et al. 2006).

Optogenetics is a growing field in Neuroscience with a driving need for a broad spectrum
of molecules that respond to light. These highly specific tools in neuroscience provide the ability
to make increasingly difficult experiments possible with greater accuracy and temporal-spatial

precision.

bPAC

One such molecule is the blue photoactivated cyclase bPAC. It was discovered in 2011

and comes from a bacteria, beggiatoa, that thrives next to sulfur vents in the deep sea. It has a
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photoactivated adenylyl cyclase that when stimulated with blue light increases cAMP (Stierl et
al. 2011). This second messenger can then bind to cyclic nucleotide-gated CNG or HCN

channels.

Recording Activity with Fluorescence

Activity-Based Biosensors

Genetically encoded bio-indicators contain fluorescent proteins that change fluorescence

intensity as a function of ion concentration or voltage (Kerruth et al. 2019; Huang et al. 2019).

Since their development in the late 1990s, fluorescent activity indicators have seen extensive

improvements in sensitivity and kinetics (Miyawaki et al., 1997; Romoser et al., 1997; Gong et

al., 2015; Chamberland et al., 2017; Kannan et al., 2018; Piatkevich et al., 2018). Activity-based

biosensors often use analyte/voltage-sensitive proteins that undergo conformational changes in
response to their environment. These conformational changes modulate the level of fluorescence
emitted. These sensors are beginning to complement electrode-based studies to understand the
fundamental aspects of neurophysiology. There are a wide plethora of sensors available today
including sensors for neurotransmitters, GPCRs, voltage changes, and ion levels (Looger and

Griesbeck 2012: Marvin et al. 2019; Marvin 2012; Patriarchi et al. 2018: Abdelfattah et al.

2019).

Why are Ca> Sensors Important?

The Ca?" ion is an important second messenger in cellular processes ranging from

neuronal function, muscle contractility, calcium-binding and memory, to fertilization and
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embryogenesis (Bear, Connors, and Paradiso 2007). In the mammalian neuron, Ca?* plays a role

in many signaling pathways, ultimately controlling the release of neurotransmitters from
neurons. Genetically encoded Ca?* indicators contain fluorescent proteins that change

fluorescence intensity as a function of Ca?* concentration (Kerruth et al. 2019; Huang et al.

2019). They are minimally invasive, and their expression can be exquisitely targeted to specific

cell types and tissues (Agetsuma, Matsuda, and Nagai 2017; Bruton, Cheng, and Westerblad

2020: Kim et al. 2019).

Sensors built with calcium-binding properties such as calmodulin present specific
problems in vivo such as buffering the internal Ca®" concentration, and activation of kinases and

phosphatases, and modulate ion channels (Mank and Griesbeck 2008). The fluorescence of these

biosensors is typically captured with wide-field microscopy and standard CCD cameras.
However, there are many new imaging approaches to capture the wealth of information they
provide. Two-photon microscopes make it possible to image microdomains of Ca?* signals

within neurons in thick living tissue (T.-W. Chen et al. 2013; Peron et al. 2015). Light-sheet

microscopy makes it possible to now capture entire larval zebrafish brain activity at single-cell

resolution at 2 Hz (Ahrens et al. 2013). Recently, Ca?"sensors are being coupled with functional

magnetic resonance imaging (fMRI) (Barandov et al. 2019; Ghosh et al. 2018).

There are now several Ca?* sensors that can sense Ca?" transients in cells with

millisecond response times and that are bright enough to image in living tissue (Ouzounov et al.

2017). Most of these sensors have blue excitation and green emission peaks. Currently, the
sensors with the fastest kinetic response time to Ca?* flux are the Ultrafast GCaMP6f, jJRCaMP,

and JRGECOla (Helassa et al. 2016; Kerruth et al. 2019). The recent jJGCaMP7 sensor makes it
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possible to capture individual action potentials and can track large neuronal populations when

using two-photon or wide-field imaging (Dana et al. 2019).

Genetically Encoded Voltage Sensors

One of the first described genetically encoded voltage indicators GEVIs was a

combination of the Shaker potassium channel and a fluorescent protein (Siegel and Isacoff

1997). Since this initial design, many GEVIs have been designed and undergone extensive
improvement to their sensitivity and kinetics.

One of the greatest engineering problems to overcome with GEVIs is increasing their
maximal change in fluorescence. Detecting neural activity largely depends on the signal-to-noise
ratio of the sensor. The signal-to-noise ratio SNR can be defined as the peak fluorescence

divided by the signal standard deviation before stimulation (Woehler et al. 2010). Furthermore, a

better signal to noise ratio can help increase imaging speeds and increase the field of view.
Brighter sensors can be detected with lower expression levels. This could be important since

overexpression can lead to epileptiform activity (Dana et al. 2019).

De Novo Models of Excitable Cells

Catechism of Synthetic Excitable Cells

In addition to ion channels being engineered to be controlled by light, some channels are
sensitive to small chemicals, voltage, stretch, and temperature that have been customized to

enable experimenters to control a tissue’s excitability (Nguyen and Bursac 2019). The vast

majority of understanding of the excitable cell has come from direct manipulation of endogenous

excitable cells in vivo and in vitro. However, combining ion channels in various combinations
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and expressing them exogenously in non-excitable cells has become an area of interest in not
only neuroscience but other fields of biology, including drug screening companies,

channelopathies, cardiology, and biosensor development (Zhang and Cohen 2017; Kirkton and

Bursac 2012; Kirkton et al. 2013; Zhang et al. 2016; Mohanty et al. 2008). The combination of

optical activation and imaging will help us to better understand and modulate the physiological
functions of various excitable cells in skeletal, cardiac, and neuronal systems.

Synthetic excitable cells are built to mimic the process of an action potential. A voltage-
gated sodium channel and an inwardly rectifying potassium channel KIR are the minimal
components needed. The goal has become to optically excite mammalian cells with light,
instead of using electrophysiology of drugs, that create spontaneous depolarizations. These
spontaneously spiking cells have a few major purposes in the world of biology. Currently, there
is a great need in the biosensor development community to create a high throughput screen in
mammalian cells for biosensors. The next generation of sensors needs to be engineered for

greater maximal change in fluorescence, photostability, and fast kinetics (Abdelfattah et al.

2019). These sensors could largely replace traditional tools used by neuroscientists such as
electrodes for both stimulation and recording from neurons. Also, if built, the screen could prove
useful in building screens for drugs that modulate neuronal and cardiac function (Zhang and
Cohen 2017).

One of the first de novo excitable cells was created by expressing rat brain ITA Na*
channel and the Drosophila Shaker K* channel into Chinese hamster ovary cells via vaccinia

virus (Hsu et al. 1993). Bursac and Kirkton built a biosynthetic excitable cell in the hopes it

would be used in electrophysiology and cell therapy studies (Kirkton and Bursac 2011). In their
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first experiment, they stably expressed three ion channels, Kir2.1, Navl1.5, and Cx-43 in HEK293
cells. Using electrophysiology they measured the membrane potential and found that with all
three channels expressed they could create fast and uniform action potential propagation.
However, these cells cannot be used to test genetically encoded voltage indicators or other
fluorescent markers because each channel was marked with a fluorescent protein spanning the

visible spectrum (Kirkton and Bursac 2011).

Current methods to screen voltage sensors include using excitable HEK-293 cells that
combine the Kir2.1 and voltage-gated sodium channel NAV1.3 with field stimulation to produce

rhythmic depolarization and hyperpolarization in HEK cells (Park et al. 2013; Zhang, Reichert,

and Cohen 2016; Shah et al. 2004). The Cohen lab created a line of electrically spiking E.Coli

and then to create a line of excitable cells that stably expressed Nav 1.3 and Kir2.1 in HEK293

cells (Kralj et al. 2011; Park et al. 2013). They characterized the cells using patch-clamp

electrophysiology and a voltage-sensitive dye. Here they found that using the dye they could
determine an AP of 2ms, however, they also developed a protocol in these cells to express
GEVIs such as Arclight, Arch mutants with fluorescence traces that lasted ~ 600ms. However,
because the repolarization rate of the HEK293 action potential was variable between cultures,
they did not use the spiking HEK293 cells to measure the off rates and instead focused on the
4ms time resolution on the rising edge of the spiking HEK293 cells. Therefore, they were unable
to determine multi-exponential kinetics of the sensors but still provide a stringent screen for
genetically encoded voltage sensors.

In 2016, Cohen and Zhang demonstrated that they could photoactive cells when provided

with Kir2.1, Nav1.7, CheRiff (a channelrhodopsin) while recording the oscillating membrane
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voltage with QuasaAr2 (GEVI). They found that this could sufficiently act as a high throughput

screen for drugs that block Nav1.7. (Zhang and Cohen 2017).

Similarly, another paper described a cell line that had pacemaker-like activity. They

stably expressed the HCN2 and Kir2.1 channels, and transiently expressed a voltage-gated

channel Cav3.1 or Nav1.5 (K. Chen et al. 2018). HCN2 is a hyperpolarization-activated, cyclic

nucleotide-gated ion channel (K. Chen et al. 2018). Nav1.5 is a voltage-gated sodium channel

responsible for action potentials in cardiomyocytes (K. Chen et al. 2018). Chen et al. found that

cells expressing HCN2 and Kir2.1 had action potentials with depolarizations that last over ~450

ms, and a hyperpolarization phase that lasts ~737 ms (K. Chen et al. 2018). With either Cav3.1

or Nav5.1 expressed in conjunction with the Kir2.1 and HCN2, they found that there was an
average of one action potential per second. This suggests that even without field stimulation,
cells expressing these channels can create auto-depolarization leading to rhythmic oscillations in
membrane potential. They also showed that the currents produced by the voltage-gated channels

influenced the speed at which the action potentials occur.

The Kuhl Model

Genetic drift and gene silencing are inherent problems when building stable cell lines.
Often after several passages, stable cell lines will begin to regulate the expression of the non-

endogenous genes (Khan 2013; Rodin and Riggs 2003). Also, the level of expression of each of

the channels cannot be easily changed. Further, in cell lines excited optically only wavelengths
outside of the rhodopsin’s excitation spectrum can be used for screening. What if we could

screen thousands of variants in mammalian cells for sensitivity, speed, and dynamic range?
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The Kuhl system uses similar channels to previous studies to create cells that have action
potentials, whole-cell Ca®* transients, and can withstand the bandpass problem (Thomas et al.
2020). The system is automatable, inexpensive, and modular. The platform is robust for
screening activity-based biosensors such as Ca®* and Voltage. It is consistent, reliable, and
capable of quickly screening thousands of prototypes.

To establish the minimal “Kuhl” cell system they used a blue light photoactivated
enzyme. From there they show that various channels and their amounts can affect the cell's
response to blue light stimulus. Manipulating the relative expression of these channels is an
interesting delve into the world of synthetic biology. By creating cells that can be stimulated with
blue light while imaging in both red and green wavelengths they have created a system that is
useful for multi channel drug screening and biosensor development.

They introduced cAMP gated ion channels, specifically the modified CNG or the HCN2
ion channel. When these channels bind cAMP they open bringing a positive inward current into
the cell. This causes a long and slow inward Ca®* current that can be visualized using Ca?*

sensors (Thomas et al. 2020).

Next, they optimized the concentrations of two ion channels, the inwardly rectifying
potassium channel Kir2.1 and the bacterial sodium channel NavRosDg217A NavD. Kir2.1 is an
inwardly rectifying potassium channel that upon hyperpolarization greater than -20mV increases
its conductance, producing an outward current (Hille 2001). The mutant NavD is slow, and they
originally wanted to create a system with relatively long, slow depolarizations such that
membrane depolarization events could be captured with slower imaging speeds (10Hz). The role

of Kir2.1 in Kuhl synthetic cells is two-fold. First, it is required in “priming” the NavD for
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activation, as Nay won’t be able to make the necessary transition from the deactivated state to the
open state. Secondly, after the sodium channel is inactivated, Kir2.1 slowly repolarizes the cell to
-70mV, beginning the cycle again.

Upon investigating the various channels of Kir2.1 and NavD they found that the amount
of ion channel directly impacts the cells ability to fire and that a ratio close to 1:1 was optimal.
While the system is novel it has a lot of room for improvement. Faster Nav channels could
increase the speed of the action potential which would aid in finding faster voltage sensors.

Finally, Hek-293 cells have endogenous connexin protein, connexin-45. However,
Kirkton and Bursac [18] found that a confluent layer of HEK293 cells expressing Kir2.1 and
Nav1.5 had action potentials that did not propagate uniformly. But with the addition of
Connexin-43 Cx-43, they recorded rapid and robust action potentials. Also, several other studies
have shown that including the Cx-43 protein increases the gap junction coupling of HEK293
cells [18,32,38]. With the addition of Cx-43 Thomas et al. found that the Ca?" transients became
more coordinated following blue light stimulus. Potentially, another channel could increase the
rhythmicity of these cells so that their depolarization and hyperpolarization was coordinated like
a heart cell.

They created a simple, modular, reproducible system to screen Ca®* sensors and voltage
sensors. The system can be optimized by varying the ratio of Kir2.1 to NavD channels, thereby
changing the type of Ca?" transients that occur and the frequency at which they occur. Therefore,
optimizing the ratio of the channels to the experimenter's preference for cell type and sensor can

empower an automated screen for bio sensors with different dynamic properties (Thomas et al.

2020).
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Abstract

Genetically encoded fluorescent biosensors are powerful tools for studying complex
signaling in the nervous system, and now both Ca?* and voltage sensors are available to study the
signaling behavior of entire neural circuits. There is a pressing need for improved sensors to
properly interrogate these systems. Improving them is challenging because testing them involves
low throughput, labor-intensive processes. Our goal was to create a live cell system in HEK293
cells that use a simple, reproducible, optogenetic process for testing prototypes of genetically
encoded biosensors.

In this live cell system, blue light activates an adenylyl cyclase enzyme (bPAC) that
increases intracellular cAMP [1]. In turn, the cAMP opens a cAMP gated ion channel (olfactory
cyclic nucleotide-gated channel, CNG, or the hyperpolarization-activated cyclic nucleotide-gated
channel, HCN2). This produces slow, whole-cell Ca®* transients and voltage changes. To
increase the speed of these transients, we added the inwardly rectifying potassium channel
Kir2.1, the bacterial voltage-gated sodium channel NAVROSD, and Connexin-43. This is a
modular system in which the types of channels, and their relative amounts, can be tuned to
produce the cellular behavior that is crucial for screening biosensors. The result is a highly
reproducible, high-throughput live cell system that can be used to screen voltage and Ca?*

sensors in multiple fluorescent wavelengths simultaneously.
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Introduction

Why are Biosensors Important?

Genetically encoded, fluorescent biosensors are powerful tools for studying cell signaling
in real-time [2,3]. They are minimally invasive, and since they are genetically encoded their
expression can be exquisitely targeted to specific cell types and tissues [4—6]. However, the short
wavelengths of light needed to image green biosensors can heat and damage the brain,
decreasing the duration of imaging [7]. There is a need for better biosensors that emit red [8] or
near-infrared [9] light because these longer wavelengths enable investigators to image deeper
into thick tissues. Furthermore, a better signal to noise ratio can help increase imaging speeds
and increase the field of view. Brighter sensors can be detected with lower expression levels
potentially decreasing overexpression which can lead to epileptiform activity [10].

A proven approach to expanding the fluorescent biosensor toolbox involves screening
thousands of prototypes, evolving for optimal function [11-14]. Ca** sensors have been highly
optimized in E. coli. One study used a microfluidic sorter (FACs) where it was possible to screen
up to 10% colonies per round of evolution in E. coli [8][15]. A more recent study optimized
sensors by picking E. coli expressing sensors with the greatest fluorescence intensity. As a
second screen, the proteins were cultured and the lysate was placed into Ca?" and Ca?" free
buffers and read using a microplate reader [16]. A drawback to this approach is that a sensor
cannot be screened for its kinetics, there are only two steady states.

A different approach to screen activity-based biosensors is in mammalian excitable cells.
Screening in primary cultures of differentiated, excitable cells is time consuming, expensive, and

low throughput(Storace et al. 2016). Another approach is to create excitable cells de novo using
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transformed cells lines compatible with high throughput screening. One of the first de novo
excitable cells was made by expressing rat brain IIA Na* channel and the Drosophila Shaker K*
channel into Chinese hamster ovary cells via vaccinia virus [17]. Additionally, one study stably
expressed three ion channels, Kir2.1, Nav1l.5, and Cx-43 in HEK293 cells. Using
electrophysiology they found that with all three channels expressed fast, uniform action potential
propagation could be created. However, these particular cells cannot be used to test fluorescent
biosensors, because each exogenous channel was marked with a fluorescent protein spanning the
visible spectrum [18].

Current methods to screen voltage sensors, in particular, include using excitable HEK293
cells that combine Kir2.1 and a voltage-gated sodium channel (NAV1.3) with field stimulation to
produce rhythmic depolarization and hyperpolarization in HEK cells [12,19]; [20]. Another
option is to use a stable cell line that expresses Kir2.1, Nav1.7, and CheRiff, a channelrhodopsin.
This can be photoactivated thereby creating a system that produces oscillating membrane voltage
[21]. Yet, there are inherent problems with stable cell lines, such as genetic drift and gene
silencing. Often stable cell lines will regulate the expression of exogenous genes, and mutations
in the exogenous genes will occur after several cell culture passages [22,23]. In addition, the
level of expression of each of the channels cannot be easily changed and currently, only
wavelengths outside of the rhodopsin's excitation spectrum can be used for screening.

What if we could screen thousands of variants in mammalian cells for sensitivity, speed,
and dynamic range? We hypothesized that we could use similar channels as those used
previously to create cells that (1) can be optically stimulated (2) produce action potentials and

whole-cell Ca?* transients and (3) can be imaged with at least two wavelengths simultaneously.
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We wanted the system to be automatable, inexpensive, modular, and useful in many different
cell types. While it could be incorporated into a stable cell line we opted for a more modular
route by using baculovirus [24]. While viral transduction involves more work than a stable cell
line, it gives us the ability to optimize each component independently, something that cannot be
done in stable cells.

Our goal was to create a screening platform for biosensors that is consistent, reliable, and
capable of quickly screening thousands of prototypes. We first created a minimal cellular system
with a light-activated enzyme, we used an adenylyl cyclase, to establish a “Kuhl” cell. Next, we
added a cAMP-gated ion channel, either a CNG or HCN channel, to produce “Kuhl-C, and Kuhl-
H” cells respectively. We then added additional channels and proteins to tune the responses. To
improve the responses we added the Kir2.1 potassium channel, to create Kuhl-CK or Kuhl-HK
cells. To speed up the action potentials we added the bacterial sodium channel NavD to design
Kuhl-CKNa and Kuhl-HKNa cells. Finally, we found that connexin-43 improved the

coordination of the signaling, producing Kuhl-CKNaCx and Kuhl-HKNaCx cells.

Results

Establishing an Optical Actuator

How can we activate a biosynthetic cell line using light? To develop an optogenetically
controlled screen, we chose to use bPAC (blue photo-activated cyclase), a blue light activated
adenylyl cyclase from the soil bacteria Beggiatoia [1]. In theory, coupling a light activated
enzyme to large conductance channels, should produce larger whole cell currents with less

protein expression than the current optogenetic approaches that rely upon channel rhodopsins.
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The bPAC enzyme is activated with 480 nm light and converts ATP into cyclic adenosine
monophosphate (cCAMP). We began by examining whether blue light stimulation can produce a
measurable change in cAMP levels in bPAC-expressing HEK293 cells as seen with R-cADDis, a
red fluorescent cAMP sensor [25].

We transduced HEK293 cells with a BacMam virus that expresses bPAC and R-cADDis
(S2 Table). The following day, we stimulated cells with 20 milliseconds of blue light and then
collected images continuously with 561 nm excitation that does not activate bPAC (Fig 1A).
Upon the blue light stimulation, the R-cADDis red fluorescence increases (Fig 1B). cAMP levels
within the cell rise over the time frame of ~100 seconds (Fig 1C). Control cells with no bPAC
did not show an increase in red fluorescence. The system response is remarkably reproducible
and the same cells can be repeatedly stimulated. Indeed the only limitation is that too much blue
light given over a short time will create too much cAMP and saturate the sensor. The slow
decrease in fluorescence of R-cADDis is most likely due to the phosphodiesterases present in the

cell which work to eliminate cAMP [26].



61

10 seconds post

Before blue light

stimulation plue ”g.ht
stimulation
C
480nm light
145 480nm light |
!
1.10 4 l :
¥
Thy g
= 105 ;,' \.
O P Red - R-cADDis and bPAC
' N Green - R-cADDis only
0.95
| | | | | // I | I | I |
0 20 40 60 80 120 140 160 180 200 220

Time (s)

Fig 1. 20ms of Blue Light Repeatedly Activates bPAC. A) HEK-293 cells were transduced with
bPAC (the actuator) and R-cADDis, the red fluorescence cAMP sensor (S2 Table). B) The cells
were illuminated with 20ms of 480nm light. This activation of bPAC increases cAMP levels
which increases R-cADDis fluorescence. Brightness and contrast are the same for both images.
C) The traces are a discontinuous recording of R-cADDis with 560nm excitation from the same
cell (100s on, 20s off, 100s on). 20 ms of blue light at 20s and 140s activates bPAC which
produces bursts of cAMP for 100s. This is a stereotyped response that is repeatable with multiple
doses of blue light.
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Dose Dependence

To examine the dose-response relationship between blue light and cAMP production, we
systematically varied the intensity of the blue light during stimulation while quantifying the R-
cADDis fluorescence. HEK293 cells were transduced with bPAC and R-cADDis, and each well
in a 96-well plate was stimulated with a 15ms dose of blue light. For each well, LED 480nm
light power was increased stepwise from 0 to 70 mW/cm? in increments of five %spower using a
LED controller. At 100% power, the light intensity at the specimen plane measured 70mW/cm?.
Figure 2 reveals a dose response in which increasing levels of blue light produces increases in
cAMP levels. Lowering the level of bPAC expression by decreasing the total viral load may
make it possible to create a system with a greater range of tunability before saturating the sensor
with cAMP. The fluorescence change, AF, was used to determine the cAMP level and all points
in the dose response are an average of multiple regions of interest (ROIs) within a trial (Fig 2).
This is consistent with a similar study that found bPAC had a linear dose response to light when

cAMP was recorded [27]
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Fig 2. There is a dose/response relationship between the intensity of blue excitation of bPAC and
the fluorescence response of R-cADDis. As the blue light intensity increases so does the cAMP
production. The AF is a measure between the baseline fluorescence and the maximum of the
change in fluorescence (inset). Each data point represents an average of ~100 ROIs within a
trial.

Coupling the Actuator with an lon Channel

To couple cAMP production with channel activation, we expressed a cyclic nucleotide-
gated ion channel (the rat olfactory CNG or human heart HCN2 channel) (S2 Table). The rat
olfactory CNG channel is normally gated by cyclic guanosine monophosphate (cGMP) [28].
However, several mutations (61-90/C460W/E583M) can be introduced [29] that renders it

sensitive to cAMP. In theory, this mutant channel should couple bPAC activation to a current
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that depolarizes the cell, creating Kuhl-C cells. To create Kuhl-H cells, we expressed the human
HCN2 pacemaker channel which is also cAMP-gated and is hyperpolarization-activated (S2
Table) [30]. Once the cell is hyperpolarized, the HCN2 channel can open when bound to cAMP.
We activated the Kuhl-C or Kuhl-H cells with blue light thereby increasing cAMP.
Figure 3 illustrates that 20ms of blue light activation of bPAC, produces an increase in the red
fluorescence of R-GECO1, demonstrating a gradual increase in whole-cell Ca?" over several
minutes. Opening either the CNG or HCN2 channel increased the red fluorescence of R-GECOI,
consistent with increased cytosolic Ca** levels (Figs 3B and 3F). Interestingly, blue light
stimulation also produced bright subcellular flashes of fluorescence in both the Kuhl-C and
Kuhl-H cells. The source of this Ca?* is not clear, but one possibility is that increases in cAMP
could be causing brief IP; channel opening, or perhaps mitochondrial release [31] (Figs 3C and
3G). The subcellular flashes are small flashes of Ca®* that last ~20 seconds (Figs 3D and 3H).
They are far more frequent in cells without NavD but can be seen in all Kuhl cells (S1 Movie).

The control cells without bPAC showed no such responses (S1 Fig).
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Fig 3. Blue light activation of bPAC slowly increases whole-cell Ca?* when CNG or HCN2 is
expressed. There were two types of increases in Ca?" activity: a slow whole-cell Ca?" increase
and bright subcellular flashes of Ca**. These can be seen when bPAC and a cyclic nucleotide-
gated channel are expressed. A, E) Cartoon depicting all the components in the Kuhl-C or Kuhl-
H cell system (S2 Table). Blue light stimulation of bPAC produces cAMP that in turn opens a
cAMP gated CNG (delta61-90/C460W/E583M) channel or HCN2 channel. B) The black trace is
the R-GECO1 response to 30 ms of blue light activation in cells with both CNG and bPAC, F) or
with HCN2 and bPAC. C) The black trace depicts small brief subcellular flashes of Ca®* that can
be seen in cells with CNG and bPAC, G) or HCN2 and bPAC. D) The localized subcellular flash
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of Ca*" seen in the Kuhl-C cell system in a series of three frames at 243s, 252s, 268s, and H) in
Kuhl-H cells at 20s, 40s, 60s.

Addition of Kir2.1 Coupled with bPAC

The bPAC and CNG, or HCN2, expression produced very reliable Ca?* transients, but
these were long-lived events with slow kinetics. We hypothesized that introducing a voltage-
regulated inward-rectifying potassium channel could speed up, and increase the amplitude, of
these transients by creating a greater driving force on Ca** to enter the cell. Wild type HEK293
cells have a resting membrane potential of only -25 mV, but Kir2.1 expression shifts their resting

potential to -70mV [18,32,33]; [34].

We expressed Kir2.1, bPAC, R-GECOI, and a cyclic nucleotide-gated channel in
HEK293 cells to produce Kuhl-CK and Kuhl-HK cells (S2 Table). In the Kuhl-C/HK cell
system, there is some degree of spontaneous activity before blue light stimulation, but when we
activate bPAC with 20ms of blue light there are robust responses in all of the wells. There are
Ca®* transients that occur in 85% of the cells, but the activity is largely uncoordinated. Each cell
has its own “signature” change in Ca®* levels, as seen in the R-GECO1 fluorescence traces (Fig
4B). Ca** transients can be seen for up to 30 minutes following the blue light stimulus (S2 Fig).
The histogram shows the average cumulative number of fluorescence peaks per cell over 340s
(Fig 4G). HCN2 produces a slightly greater cumulative average frequency of Ca?" fluorescence

peaks than CNG.



67

B
Kuhl-CK 60000
Q
3
<
< 40000
Q
=
Q
(%]
7]
2 20000
o
3
i
0_
0 100 200 300
Time (s)
D
Kuhl-HK
80000
=]
< 60000
Q
Q
$ 40000
[*]
[7]
o ) N
S 20000 =T
i
0_

0.8+

o
o
1

I
1

o
[
h

Average Cumulative
Number of Peaks Per Cell
o

0.0-

Transients Post Blue Light

hl-HK

IS
c
oS
D
<

340

-CK [ |

Kuhl

0 Time (s)

Ku

Fig 4 . The addition of Kir2.1 leads to fluctuating whole-cell Ca2+ transients in the Kuhl-H/CK
system. A, C) Cartoon depicting all the components transduced into the experimental Kuhl-
H/CK cell system (S2 Table). Blue light stimulates bPAC which will produce cAMP that opens
the (CNG or HCN2) channel, and Kir2.1 should hyperpolarize the cells, creating a greater
driving force on Ca2+ to enter the cell. B) R-GECO1 fluorescence response to 20ms of blue light
in Kuhl-CK or D) 20ms of blue light stimulating Kuhl-HK cells. The traces show a subset of the
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total responses (S2 Fig). G) Average cumulative number of Ca2+ peaks in Kuhl-HK and Kuhl-
CK system (all peaks detected across 150 cells for each condition). Kuhl-HK cells have a higher
average cumulative number of peaks per cell. Each cell has a unique fluctuating Ca2+ transient
response after the blue light stimulation of bPAC.

Optimizing the Activity

To quantify the Ca** imaging data we analyzed it using a custom MATLAB program that
harnessed MATLAB's built-in peak finder (Fig 5A) (methods). We wanted to break down each
Ca?" transient into quantifiable components that could be compared across different conditions.
We defined a transient as a change in fluorescence that exceeded the standard deviation of the
variability in the baseline by a factor of 26. In other words, we only analyzed events where the
SNR exceeded 26 [35]. For each fluorescent peak, we quantified the total cumulative peaks (Fig
5b) and the total number of peaks per ROI (Fig 5D). The normalized AF of the peak (amplitude)
(Fig 5E), the full width of the peak at half maximum (FWHM) (Fig 5F), and the inter-peak
interval (Fig 5G). Also, we examined the total number of Ca®" transients recorded per

experiment and recorded the time it took for a Ca?* transient to occur post blue light stimulation.
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Fig 5. Features of the prolonged Ca?* transients in Kuhl cells shown in Figure 4 differ
depending on the presence of CNG or HCN2. A) Diagram of the MATLAB analysis of the Ca®*
transients. Peak intensity, the full width of the peak at half maximum (FWHM), and interpeak
intervals were analyzed. B) The total Ca?* peaks (n = 150 cells per condition) for Kuhl-H/C were
analyzed. The Kuhl-HK system had more Ca*" peaks in 350s than the Kuhl-CK system. C) Blue
line indicates a point of 20s blue light stimulus. The time of each fluorescence peak was
recorded and is indicated by a black dot. D) The number of Ca?* transients per cell (ROI) for
both HCN2 and CNG. E) The normalized AF is the difference between the baseline fluorescence
and the maximum fluorescence of each peak. The mean and S.E.M of the Ca®* transients in
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Kuhl-H/CK cells. F) Representative duration of elevated R-GECO1 fluorescence overtime per
Ca?" transient. FWHM is an estimate of the length of time that the fluorescence stays elevated
for each defined peak. G) The Inter-event interval, which is the difference in time between two
consecutive peaks. The time between Ca®* transient events per cell. Bars indicate mean and +
S.E.M for 150 cells.

We found that in the Kuhl-HK cell system (n = 150 cells) there is a 62% chance that any
given cell produces a Ca?" peak (Fig 4G) and when imaged for 340s a 52% chance (methods)
that it will produce a second peak within ~70s (Fig 5G) of the initial response. The Kuhl-CK
system has a 20% chance that a cell will produce a significant Ca** peak and out of the cells that
were suprathreshold there is a 63% chance that there will be a second response in that cell ~100s

(Fig 5G) following.

Voltage-gated Sodium Channel

NavD Creates Faster Caz* Transients

The bacterial sodium channel, NavRosDg217a (NavD) is characterized by a rapid
activation state that depends on the cell depolarizing to -30mV, and a slow inactivation state
(hundreds of milliseconds) that starts during the depolarization [32]. Co-expressing the NavD
channel with Kir2.1 can potentially create a faster excitable system because the Kir2.1
hyperpolarizes the cell after each spontaneous depolarization caused by the sodium channel. We
chose NavD because the mutant is slower than the mammalian sodium channels and in theory,
we could create a system with depolarizations such that membrane depolarization events could
be captured with slower imaging speeds (10Hz).

A recent paper by Chen et al. found that varying the levels of Kir2.1, and Cav1.3 or

Navl.5 affected the membrane oscillations as recorded by electrophysiology [30]. We
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hypothesized that different levels of the Kir2.1 and NavD would lead to different corresponding
Ca®* responses.

To test this we systematically transduced cells with varying ratios of Kir2.1 and NavD
while holding the viral concentrations of bPAC, CNG and R-GECO1 constant. The Kuhl-CKNa
cells were transduced (S2 Table) and ~48 hours later the cells were stimulated with 20ms of blue
light and images were collected with 561nm excitation. Upon activation of bPAC there were
varying responses in each condition that are quantified (S4 Fig).

The Kuhl-CKNa cells with a viral titer of (Kir2.1 1e8):(NavD 5e8) VG (Viral
Genomes)/uL had the greatest cumulative peaks(S4a Fig) over 210s. To understand which
(Kir2.1):(NavD) ratio had the greatest cumulative number of Ca?* transients divided by the total
number of cells (Fig 6b). Using the data from the total number of peaks per ROI (S4d Fig) we
ran a Dunnett's test (S1 Table) to examine if there was a statistical significance between the
conditions. (Kir2.1 1e8):(NavD 5e8) VG/uL had a significant increase (****p <.0001) in the
average cumulative number of peaks per cell (Fig 6b). In the Kuhl-CKNa system, there is a 35%
chance that a cell will produce a significant Ca** peak and out of the cells that were
suprathreshold there is a 43% chance of a second peak within 66s of the initial fluorescence peak
(S4f Fig). Introducing NavD created significantly faster Ca?* transients (S3 Fig). In S3 Figure the
differences in the mean duration that Ca?* stayed elevated in the Kuhl-CKNa system with and
without NavD are shown. Further optimizing connexin-43 and CNG concentrations significantly

decreased the time that Ca?" transients stayed elevated (S3 Fig).
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Fig 6. The Kir2.1 and NavD concentration were optimized. NavD was introduced to the Kuhl-
CKNa cell system. Introducing NavD created significantly faster Ca®* transients (S3 Fig). A)
Cartoon depicting all the components transduced into the experimental Kuhl-CKNa cell (S2
Table). B) Shown is the average cumulative fluorescence peaks per cell across 210s for each
indicated viral concentration of Kir2.1 and NavD (n = 150 cells per condition). Differences were
analyzed using Dunnett’s multiple comparisons test on the Ca?* transient frequency (S4d Fig).
(Kir2.1 1e8):(NavD 5e8) VG/uL was significantly greater (****p < .0001) than the control
(Kir2.1 0):(NavD 0) VG/ul .

Further Optimization with Connexin-43

and Kir2.1 and NavD

HEK?293 cells have endogenous connexin proteins, connexin-45, which create gap
junctions that connect the cytoplasm of the cells [36,37]. However, Kirkton and Bursac [18]
found that when a confluent layer of HEK293 cells expressing Kir2.1 and Nav1.5 had action
potentials that did not propagate uniformly through the monolayer. When they added Connexin-
43 Cx-43 they recorded rapid and robust action potentials. In addition, several other studies have

shown that including the Cx-43 protein increases the electrical gap junction coupling of HEK293

cells [18,32,38].
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The concentrations for (Kir2.1):(NavD) VG/uL were varied for each condition and the
following concentrations were held constant for bPAC, CNG, Cx-43, and R-GECO1 (S2 Table).
The Kuhl-CKNaCx cells were transduced (S2 Table) and 48 hours later the cells were stimulated
with 20ms of blue light and images were collected with 56 Inm excitation. Upon activation of
bPAC there were varying responses in each condition that are fully quantified (S5 Fig).
Interestingly there seems to be a significant effect on the responses in the Kuhl-CKNaCx cells

(Fig 7B) depending on the amount of (Kir2.1):(NavD) VG/uL applied.
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Fig 7. Optimizing Kir2.1 and NavD with Connexin-43 increases the average number of Ca?*
transients. Introducing the NavD and Kir2.1 channel is expected to create faster oscillating Ca**
transients in the cell while introducing the Cx-43 will increase coordinated activity between
cells. Further optimization of Kir2.1 to NavD is shown. Cx-43 was introduced to the Kuhl-
CKNaCx system. A) Cartoon depicting all the components transduced into the experimental
Kuhl-CKNaCx cell (S2 Table). B) Shown is the average cumulative fluorescence peaks per cell
across 210s for each indicated viral concentration of Kir2.1 and NavD (n = 150 cells per
condition). Differences were analyzed using Dunnett’s multiple comparison test on the Ca**
transient frequency (S5d Fig) compared to the control (Kir2.1 0):(NavD 0) VG/ul. The
experimental trials that were statistically greater were marked (****p <.0001) and (***p <
.0002).
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The total cumulative peaks (SSA Fig) were greatest in the condition with a viral titer of
(Kir2.1 1e8):(NavD 1e8) VG/uL. To understand which viral titer impacted the cells we examined
the cumulative number of Ca?" transients divided by the total number of cells (Fig 7B). Using the
data from the total number of peaks per ROI (S5d Fig) we ran Dunnett's test (S1 Table) to
examine if there was a statistical significance between the conditions. The experimental trials
that were statistically greater than the control were marked (****p < .0001, ***p <.0002) on the
graph (Fig 7B).

It appears that using comparable amounts of the two channels (Kir2.1 1e8) and (NavD
1e8) VG/uL evoked a significant response because there is a 40% chance that out of 150 cells a
significant peak will occur in any given cell in 210s. Of the cells that were suprathreshold (S5d
Fig) there is a 47% chance of a second peak within ~50s (S5F Fig) after the initial peak. The
mean event width decreased significantly in Kuhl-CKNa cells with (1e8 Kir2.1):(1e8 NavD)

VG/uL and Cx-43 (S3 fig).

Onptimizing Activity with Connexin-43

To further improve activity connexin-43 was optimized by varying the viral titer. The
following concentrations were held constant for Kir2.1, NavD, bPAC, CNG, R-GECO (S2
Table). The Kuhl-CKNaCx cells were transduced and ~48 hours later the cells were stimulated
with 20ms of blue light at Os, 130s, and 240s. Images were collected with 561nm excitation.

The total cumulative peaks (S6A Fig) was greatest in the condition with a viral titer of

(CNG 1e5) VG/uL. To understand which viral titer impacted the chance of a cell firing we
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examined the cumulative number of Ca®* transients divided by the total number of cells (Fig 8).
Using the data from the total number of peaks per ROI (S6D Fig) we ran Dunnett's test (S1
Table) to examine if there was a statistical significance between the conditions compared to the
control (Cx-43 0) VG/ul. The experimental trials (Cx 1e5) (***p <.0003) and (Cx lel) (**p <
.0062) had a 100% chance that out of 150 cells they would fire at least twice in 400s. Further,
there is a 36% chance that the cells that were suprathreshold (S6D Fig) are likely to produce
another Ca?* peak ~112s after the initial fluorescence peak (S6F Fig). While (Cx lel) was

significant we chose to use (Cx 1e5) because it is 20% more likely to produce a significant

Fig 8. The gap junctions between cells using connexin-43 was optimized by varying levels of
viral titer. The representative cartoon (Fig 7A) depicts all the components transduced into the
experimental Kuhl-CKNaCx system (S2 Table). A) Shown are the average cumulative
fluorescence peaks per cell across 400s for each indicated viral concentration of Cx-43 (n =150
cells per condition).

fluorescence peak.
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Onptimizing Activity with CNG

The addition of NavD and connexin-43 had such a profound effect on the activity that we
decided to re-optimize the CNG and HCN2 channel. To optimize activity with CNG the viral
titer was varied and the following concentrations were held constant for Kir2.1, NavD, bPAC,
Cx-43, and R-GECO1 (S2 Table). The Kuhl-CKNaCx cells were transduced and the following
day the cells were stimulated with 20ms of blue light at 130s and 240s. Images were collected
with 561nm excitation before and following each blue light stimulus.

Upon activation of bPAC there were various responses in each condition that are fully
quantified in (S7 Fig). The total cumulative peaks (S7A Fig) was greatest in the condition with a
viral titer of (CNG 1e5) VG/uL. To understand which viral titer impacted the chance of a cell
firing we examined the average cumulative number of Ca?* transients divided by the total
number of cells (Fig 9A). Using the data from the total number of peaks per ROI (S7A Fig) we
used Dunnett's test (S1 Table) to examine if there was a statistical significance between the
conditions. The experimental trials (CNG 1e2 to 1e5) VG/uL (****p < .0001) were significantly
greater than the control (CNG 0) VG/ul and had a 100% chance that out of 150 cells they would
fire at least once in 360s. Further, in Kuhl-CKNaCx (CNG 1e3) there is a 40% chance that of the

cells that fired (S7D Fig) are likely to fire again ~80s after the initial fluorescence peak (S7F

Fig).
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Fig 9. The amount of CNG channel was optimized. The representative cartoon (Fig 7A) depicts
all the components transduced into the experimental Kuhl-KCNaCx system (S2 Table). A)
Shown are the average cumulative fluorescence peaks per cell for each indicated viral
concentration of CNG (n = 150 cells per condition). Differences were analyzed using Dunnett’s
multiple comparison test on the Ca?* transient frequency (S7D Fig) compared to the control
(CNG 0) VG/pl. The experimental trials that were statistically greater than the control were
marked (****p <.0001) on the graph.

Onptimizing Activity with HCN2

The HCN2 ion channel can be exchanged for the modified CNG channel. To optimize
activity the viral titer for HCN2 was varied and the following concentrations held constant for
Kir2.1, NavD, bPAC, Cx-43 and R-GECOI1 (S2 Table). The Kuhl-HKNaCx cells were
transduced and ~48 hours following the cells were stimulated with 20ms of blue light at 120s and
200s. Images were collected before and following each blue light stimulus with 56 1nm

excitation.
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Fig 10. HCN2 can be exchanged for the modified CNG channel. A) Cartoon depicting all the
components transduced into the experimental Kuhl-HKNaCx cell (S2 Table). B) Shown are the
average cumulative fluorescence peaks per cell across 360s for each indicated viral concentration
of HCN2 (n = 150 cells per condition).

Upon activation of bPAC there were somewhat varied responses in each condition that
are fully quantified in (S8 Fig). The total cumulative peaks (S8A Fig) was greatest in the
condition with a viral titer of (HCN2 1e2) VG/uL. To understand which viral titer impacted the
chance of a cell firing we examined the average cumulative number of Ca®* transients divided by
the total number of cells (Fig 10B).

Using the data from the total number of peaks per ROI (S8 Fig) we used Dunnett's test
(S1 Table) to examine if there was a statistical significance between the conditions. The
experimental trials (HCN2 lel, le2, and 1e9) VG/uL (*p <.0001) were significantly greater

than the control (HCN2 0) VG/ul. Further in (HCN2 1e2) Kuhl-HKNaCx cells there is a 41%

o
z
Q
==

HCN 0
+No Cx



79

chance that out of 150 cells a significant peak will occur and of the cells that were above
threshold (S8D Fig) are likely to fire ~77s after the initial fluorescence peak (S8F Fig).

It appears that the optimal concentration is (HCN2 1e2) VG/uL but there appeared to be a
range between (HCN2 lel to 1e2) VG/uL (Fig 10B). The controls still display some random
activity even without the HCN2 channel due to having the Kir2.1, NavD, and Cx-43 channel
expressed. However, unlike the CNG control data (Fig 9A) the activity seems to be dependent on
the Cx-43 being present as well as the Kir2.1 and NavD channel.

The behavior of HCN2 was visually different from CNG. While both wells have random
activity, there is a brief somewhat coordinated activity after a blue light stimulus (S7C and S8C
Figs). S2 and S3 Movies show the movement of CNG and HCN2. CNG has a Ca®* bursting

rosette pattern following a stimulus, while HCN2 seems to have a spreading wave-like pattern.

A Kuhl-KCNaCx

The Kuhl-KCNaCx cells show remarkable, consistent activity when stimulated with blue
light. One can image using them to screen prototype activity sensors, new GECI and GEVI
biosensors. Such a screen, however, would depend critically on consistent well to well activity.
To measure how consistent the activity is we measured the activity in 14 wells of cells
transduced with an optimized amount of each channel. The representative cartoon (Fig 11A)
depicts all the components transduced into the Kuhl-KCNaCx cell. The Kuhl-KCNaCx cells (S2
Table) were transduced and ~48 hours later the cells were imaged for 25 minutes and stimulated
with 20ms of blue light at 500s and 1000s. Images were collected before and after each blue light
stimulus with 56 1nm excitation for 4 wells over 25 minutes (Fig 11A) or 10 wells for 15 minutes

(S4 Movie).
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The well to well average cumulative peak activity (Fig 11A) has a mean of 2.4 .4. Taking
the mean number of total peaks per trial by the mean total number of peaks that in Kuhl-
CKNaCx cells 100% of the 600 cells will produce a significant peak and of the cells that were
above threshold (S9F Fig) 50.8% are likely to produce a significant peak ~94s 32 following.

Another 10 wells (Fig 11B) were imaged for 15 minutes and stimulated with 20ms of
blue light at 198s and 400s. There appears to be increased coordinated activity between the cells
following blue light stimulus (S10C Fig). The cells have an oscillating firing pattern (S10C Fig)
that occurs and is consistent with the mean inter-event interval (S10F Fig) for each well. The
well to well activity when measuring the average cumulative number of peaks per cell is fairly
consistent with a mean of 1.8.4. There is a 100% chance that out of 1,500 cells a significant peak
will occur 1,500 times when imaged for 15 minutes and of the cells that were above threshold
(S10F Fig) 29% are likely to produce a significant peak ~148s89 following the initial peak.
Tukey's multiple comparison test found that there wasn’t a significant difference between the

average cumulative number of peaks per cell for the 14 trials with Kuhl-CKNaCx.
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cell over 10 trials in 15m. Tukey's multiple comparison test was run on the Kuhl-CKNaCx trials
and found no significant difference between the wells.

Comparing Green and Red Sensors in the Same Cell

While slow and laborious, an advantage of patch clamp fluorometry is that whole-cell
voltage changes can be directly compared with fluorescence changes. The all-optical Kuhl cell
approach does not have the advantage of such an independent measurement. However, we
reasoned that different colored sensors could be simultaneously measured to arrive at a
comparative measure. For example, a green sensor of known properties could be compared to a
new one with red fluorescence. To test the feasibility of this approach, we used an optical splitter
to compare the responses of R-GECO1 and G-GECO1 within the same cell.

The Kuhl-KCNaCx cells were transduced and 48 hours following the cells were imaged.
In figure 12 an image created by the OptoSplit II is shown where the green and red emission
from both sensors are split and imaged on two different portions of the EMCCD camera(S5
Movie). The fluorescence response from both sensors is plotted in figure 12 (Fig 12B). Previous
photophysical characterization of G-GECO1 and R-GECO1 show that there are relatively large
differences between the two sensors. G-GECOI has a faster Kon and R-GECO! has a faster Kosr
8. G-GECOI1 has a greater Kg, kinetic With a difference of 347(nm)'. G-GECO1 also is ~150x
brighter than R-GECO1 [8]. This simple analysis shows that differences can be easily measured
in Figure 12 (Fig 12B) where the Tauon/otr of both signals was measured. R-GECO1 Tauo, was
consistently slower than G-GECO1 and R-GECO1 Tau,sr was consistently faster than G-GECO1

Tauofr.
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Fig 12. Both red and green Ca?" sensors can be recorded from the same cell and imaged
simultaneously using an OptoSplit II. A) Cartoon depicting all the components transduced into
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the Kuhl-CKNaCx cell. bPAC was transfected at a low level so that the cells could be imaged
with green light continuously. B) The cells were simultaneously imaged with green and red
wavelengths for 150s. The image is of the same cells in two different wavelengths and ROIs
from both the G-GECO1 and R-GECO1 were obtained (circles and numbers). Representative
traces from the ROIs show that both G-GECO1 and R-GECO1 fluorescence are visible and their
respective responses can be compared and plotted over time. The difference between G-GECO1
and R-GECOI can be seen because it has a greater intensity change (150x) in fluorescence to
Ca®* concentrations and has a ~2 fold increase in the speed of its kinetics (Kq).

Green Voltage Sensors Can be Screened in Kuhl-CKNaCx Cells

ArcLight is a downward going voltage sensor, meaning that it gets brighter upon the
hyperpolarization of the membrane and dimmer at depolarization. It is pH sensitive and has been
demonstrated to work in single-cell fly neurons but requires high-intensity illumination to
achieve an adequate signal-to-noise ratio [39].

The following concentrations were held constant for Kir2.1, NavD, bPAC, Cx-43, CNG,
ArcLight (S2 Table). The Kuhl-CKNaCx cells were transduced and ~48 hours following the
cells were imaged with continuous 480nm excitation. Slow depolarizations can be seen in the
Kuhl-CKNaCx cell system (Fig 13) with a reasonable SNR of 5.5 4 averaged from 15
representative traces. We believe that the Kuhl-CKNaCx system shows promise for screening

voltage sensor prototypes(S6-S8 Movie).
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Fig 13. The Kuhl-CKNaCx system undergoes voltage changes that are visible with ArcLight. A)
Cartoon depicting all the components transduced into the Kuhl-CKNaCx cell. bPAC was
stimulated continuously while exciting Arclight. B) Blue light activation of bPAC caused a slow
depolarization that occurred over a few seconds. Representative traces from the ROIs show that
voltage changes are visible using ArcLight. Images of ArcLight fluorescence response over time.
The green arrows annotate which cells were used for the fluorescence traces. C) Two separate
wells that were imaged are shown.

Discussion

This Kuhl cell system was designed to be customizable and there are several important
considerations to take into account when customizing for a particular activity sensor. Multiple
channels could be exchanged for the ones used in this study. For example, a faster voltage-gated

sodium channel would most likely create a faster action potential in the cells.
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The Kuhl cells can potentially be used in high throughput screens for better activity
biosensors. The throughput of any screen, however, depends on the time budget. Here we
arbitrarily picked fluorescence peaks that exceeded the SNR of 26. That is, the peak was 26
times larger than the standard deviation of the baseline noise. Using this threshold, we found that
out of 150 cells, imaging for 80s30 was sufficient to detect 100 cells that would produce a Ca?*
peak above threshold. Recording the activity in a well for 80s would eliminate false negatives.
The imaging time, plus the plate translation time, should result in a time budget of roughly 100
minutes per 96 well plate. While 400 to 500 wells a day is low throughput, it is considerably
better than the manual patch clamp fluorometry used today.

We have shown that screening both red and green GECls simultaneously in the Kuhl-
CKNaCx system is possible, and that one sensor can be used to benchmark the other. Individual
cells' dual GECI response can be measured for its brightness, kinetics (Tau), SNR, and
sensitivity. In theory, if a lower objective lens was used, an average of the field of view for the
mutant sensor's fluorescence response could be easily compared to the average response of the
benchmark sensor in that same well.

The improvement of the genetically encoded voltage indicators - GEVIs - has been slow
due to limitations in the throughput involved in manual, whole-cell patch clamp fluorometry
[12.40]. The system described here will enable investigators to screen without field stimulation
or any manual intervention. Voltage changes along the membrane of the HEK293 cells are
visible and can be tracked in the Kuhl-CKNaCx cells using the GEVI ArcLight, since the action
potential in these cells is quite slow, lasting seconds ~4s. We believe that because we were able

to screen and benchmark Ca?* indicators simultaneously that this should also work for voltage
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sensors. The prototype sensors could be expressed in Kuhl cells that also express a benchmark

sensor such as GCAMP7f or Voltron [2.41].

Methods

Growth conditions for HEK293 cells

A line of HEK293 were cultured in DMEM, 10% FBS, and 1% Penicillin (100 U/mL).
For experiments, HE293 cells were plated in 96 well plastic plates at 100ml per well (~3-5 x10*

cells/mL).

Plasmids

The HCN2 plasmid was kindly donated by Joan Lemire at Tufts University from Dr.
Michael Levin’s lab. The NavRosDg217a was reverse translated using a human codon
preference and synthesized as a gBblock by IDT (Coralville, lowa). The cyclic nucleotide-gated
olfactory channel (from Rattus norvegicus) has the following mutations, 61-90/C460W/E583M
and was synthesized as a gBblock by IDT. [42]. pPGEMTEZ-Kir2.1 was a gift from Richard

Axel, Joseph Gogos & Ron Yu (Addgene plasmid #32641)

Baculovirus

The channels Kir2.1, CNG, HCN2 and NavRosDg217a were packaged in
BacMam (Montana Molecular, Bozeman, MT). The virus titers were: Kir2.1 3.6x10* VG/mL,
bPAC 8.59 x 10 VG/mL, CNG 3.55x10» VG/mL, and NavRosDg217a 7.26x 10 VG/mL. The
following bio-sensors in baculovirus were obtained from Montana Molecular: R-cADDis (titer

5.06x10710 VG/mL); R-GECO (2x10» VG/mL); G-GECO (9.17x10©VG/mL); and Arclight
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(2x10°VG/mL). Supplemental figure 12 depicts each experimental condition and the final viral

concentrations used.

Transduction

HEK-293 cells were prepared and transduced following the manufacturer's recommended
protocol. Briefly, HEK293 cells were plated in 96 well plastic plates (48 x10: cells/well) and
transduced with the appropriate mix of viruses and the HDAC inhibitor sodium butyrate (2mM
final concentration). Two days later, the media was exchanged with PBS, tyrodes buffer, or

Fluorobrite. The best results were consistently obtained with PBS.

An ASI modular microscope

The experiments (Figs 1-11 and 13 ) were conducted using wide field imaging on an
ASI-XYZ stage fitted with a modular infinity microscope. The objective imaged onto the
detector chip of a Hamamatsu ORCA-Flash 4.0 scientific-CMOS camera. The images were
collected using either MATLAB scripts that controlled the camera, ASI stage, SHI-Thorlabs
shutter, and ThorLabs DC4100 Four Channel-LED Driver, or by using pManager [43]. A custom
illumination system was arranged. Briefly, a dichroic mirror was positioned at the entrance of the
microscope to combine blue light LED illumination with 561 laser illumination. An SH1-
Thorlabs shutter was used to create brief illumination from a blue ThorLABS LED (488nm) for
rapid stimulation of bPAC. At 100% the blue light illumination was 70mW/cm:. The yellow
illumination was provided with a Sapphire laser (56 1nm, 50mW, Coherent). The laser beam was
steered with two mirrors (arranged in a periscope) into an entrance aperture of the ASI

microscope. Before entering the microscope, the laser beam passed through a 50 diffuser (ED1
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C50 MD, Thorlabs) placed in the focus of an f =20 mm aspheric lens (ACL2520U, Thorlabs)

that collimated the beam for further traveling into the microscope.

Optosplitter

To simultaneously collect images of both G-GECO and R-GECO, we used an optical
splitter (CAIRN optosplit II, Faversham Kent ME13 §UP). This makes it possible to
simultaneously collect both the green and red images on a single camera. An Olympus IX81 was
fitted with LED illumination (470 nM, 565 nM, ThorLabs) where the power to the LEDs can be
independently adjusted. A Pinkel filter set was used to simultaneously image both G-GECO and
R-GECO (GFP/DsRed-2X-A-000, Semrock, Rochester, New York). The CAIRN splitter was
positioned in between the microscope and EMCCD camera such that a dichroic filter (561
nM, Semrock, Rochester, New York) split the green and red emission into two optical
paths. The red emission passed through an additional band pass filter ( 617/70, Semrock,

Rochester, New York) to eliminate any potential green emission from the G-GECO.

Analysis

Image data was stored in a Z-stack tiff file and loaded into the FIJI distribution of the
Image] software [44]. The initial frame of the stack was eliminated from all analysis to correct
for photoactivation of R-GECO1 upon bluelight stimulation of bPAC [45]. The cells were
selected using a freehand ROI surrounding the cell of interest. The average total intensity pixel
value within the ROI for each frame was collected using the time series analyzer plugin and

saved as a .csv file. The raw fluorescence trace data was loaded into MATLAB.
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The analysis was done in MATLAB using the Find Peaks function in the Signal
Processing Toolbox. The raw fluorescence traces were rescaled from zero to 10,000. The data
was smoothed using ‘sgolay’ function. The main peak prominence threshold was set to 50.5 with
an SNR of 2610. The Signal-to-noise ratio was defined as the average of the peaks amplitudes
that were defined using the peak finder thresholder by the standard deviation (S.D.) of the signal
before blue light stimulus. We examined the SNR for Kuhl-CKNaCx cells over 5 individual
trials which were averaged over 15 trials. The FindPeaks function returns a vector with the local
maxima (peaks) from the ROI trace data. The Peak Finder in MATLAB marks each fluorescence
peak by its location in time and records the number of peaks per ROIL. In addition, it returns the
widths of the peak and the prominence of the peak. The time that a fluorescence peak occurred
during imaging was recorded. The inter-event interval is the absolute difference between each
consecutive peak. The FWHM and inter-event interval time was adjusted for exposure times.
The total cumulative number of peaks for an entire trial was measured. Each fluorescence peak
was measured from zero to the maximum peak intensity (normalized F) using the MATLAB
Peak Finder. The time and total quantity of a fluorescence peak in a ROI were recorded. To
determine the chance that a cell will fire twice was determined by (total number of peaks for a

well/total number of points collected from Inter-Peak interval)
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S1 Fig. Fluorescence trace of cells with Kir2.1, CNG, R-GECO1 (Kuhl-CK). Without bPAC
blue light stimulus is ineffective at creating a response within cells.
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S3 Fig. Introduction of NavD to Kuhl and Cx-43 increases the speed of the Ca2+ transients. A)
The most significant wavelengths from each optimized set was included in the data to show the
increase in Ca2+ transient speed.
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S4 Fig. Features of the [Kir2.1]:[NavD] optimized Kuhl-CKNa cells and their Ca2+

transients. A) The total peaks for each Ca2+ transient within a trial was recorded, and the
experiment with [1e8 Kir2.1]:[5e8 NavD] VG/uL had the greatest recorded peaks. B) The AF is
the difference between the baseline fluorescence and the maximum fluorescence of each peak.
The mean and S.E.M of the Ca2+ transients in [Kir2.1]:[NavD] optimized Kuhl-CKNa cells C)
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Blue line indicates point of 20s blue light stimulus. The time of each fluorescence peak was
recorded and is indicated by a black dot. D) The total number of Ca2+ transients per cell (ROI)
for experimental [Kir2.1]:[NavD] optimized Kuhl-CKNa cells. E) Representative duration of
elevated R-GECOI fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+
transients FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events
per cell. Red bars indicate mean and + S.E.M (n = 150 cells per condition).
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S5 Fig. Features of the [Kir2.1]:[NavD] optimized Kuhl-CKNaCx cells and their Ca2+
transients. A) The total peaks for each Ca2+ transient within a trial was recorded, and the
experiment with [1e8 Kir2.1]:[1e8 NavD] VG/uL had the greatest recorded peaks. B) The AF is
the difference between the baseline fluorescence and the maximum fluorescence of each peak.
The mean and S.E.M of the Ca2+ transients in [Kir2.1]:[NavD] optimized Kuhl-CKNaCx cells
C) Blue line indicates point of 20s blue light stimulus. The time of each fluorescence peak was
recorded and is indicated by a black dot. D) The total number of Ca2+ transients per cell (ROI)
for experimental [Kir2.1]:[NavD] optimized Kuhl-CKNaCx. E) Representative duration of
elevated R-GECO1 fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+
transients FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events
per cell. Red bars indicate mean and + S.E.M (n = 150 cells per condition).
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S6 Fig. Features of the Cx-43 optimized Kuhl-CKNaCx cells and their Ca2+ transients.
Corresponding figure 8. A) The total peaks for each Ca2+ transient within a trial was recorded,
and the experiment with [Cx 1e5] VG/uL had the greatest recorded peaks. B) The AF is the
difference between the baseline fluorescence and the maximum fluorescence of each peak. The
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mean and S.E.M of the Ca2+ transients in Cx-43 optimized Kuhl-CKNaCx cells. C) Blue line
indicates point of 20s blue light stimulus. The time of each fluorescence peak was recorded and
is indicated by a black dot. D) The number of Ca2+ transients per cell (ROI) for Cx-43
optimized Kuhl-CKNaCx cells. E) Representative duration of elevated R-GECO1 fluorescence
over time per Ca2+ transient. Black dot indicates the Ca2+ transients FWHM for each peak. F)
Black dot indicates the time between Ca2+ transient events per cell. Red bars indicate mean and
+ S.E.M (n = 150 cells per condition).
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S7 Fig: Features of the CNG optimized Kuhl-CKNaCx cells and their Ca2+ transients.
Corresponding figure 9. A) The total peaks for each Ca2+ transient within a trial was recorded,
and the experiment with [CNG 1e3] VG/uL had the greatest recorded peaks. B) The AF is the
difference between the baseline fluorescence and the maximum fluorescence of each peak. The
mean and S.E.M of the Ca2+ transients in CNG optimized Kuhl-CKNaCx cells C) Blue line
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indicates point of 20s blue light stimulus. The time of each fluorescence peak was recorded and
is indicated by a black dot. The wells without CNG and Cx were very interesting because it
appears that without blue light there is a D) The total number of Ca2+ transients per cell (ROI)
for experimental CNG optimized Kuhl-CKNaCx cells. E) Representative duration of elevated R-
GECOI fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+ transients
FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events per cell.
Red bars indicate mean and + S.E.M (n = 150 cells per condition).
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S8 Fig. Features of the HCN2 optimized Kuhl-HKNaCx cells and their Ca2+ transients.
Corresponding figure 10. A) The total peaks for each Ca2+ transient within a trial (T=300s) was
recorded. The experiment with [HCN2 1e2] VG/uL had the greatest recorded peaks. B) The AF
is the difference between the baseline fluorescence and the maximum fluorescence of each peak.
The mean and S.E.M of the Ca2+ transients in HCN2 optimized Kuhl-HKNaCx cells C) Blue
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line indicates point of 20s blue light stimulus. The time of each fluorescence peak was recorded
and is indicated by a black dot. D) The total number of Ca2+ transients per cell (ROI) for
experimental HCN2 optimized Kuhl-HKNaCx . E) Representative duration of elevated R-
GECOI fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+ transients
FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events per cell.
Red bars indicate mean and £ S.E.M (n = 150 cells per condition).
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S9 Fig. Features of the optimized Kuhl-CKNaCx cells and their Ca2+ transients. Corresponding
figure 11a. A) The total peaks for each Ca2+ transient within a trial (T=25m) was
recorded. B) The AF is the difference between the baseline fluorescence and the maximum
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fluorescence of each peak. The mean and S.E.M of the Ca2+ transients in optimized Kuhl-
CKNaCx cells C) Blue line indicates point of 20s blue light stimulus. The time of each
fluorescence peak was recorded and is indicated by a black dot. D) The total number of Ca2+
transients per cell (ROI) for optimized Kuhl-CKNaCx cells. Representative duration of elevated
R-GECOI1 fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+ transients
FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events per cell.
Red bars indicate mean and £ S.E.M (n = 150 cells per condition).
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S10 Fig. Features of the optimized Kuhl-CKNaCx cells and their Ca2+ transients.

Corresponding figure 11b. A) The total peaks for each Ca2+ transient within a trial (T=25m) was

recorded. B) The AF is the difference between the baseline fluorescence and the maximum
fluorescence of each peak. The mean and S.E.M of the Ca2+ transients in optimized Kuhl-
CKNaCx cells C) Blue line indicates point of 20s blue light stimulus. The time of each
fluorescence peak was recorded and is indicated by a black dot. D) The total number of Ca2+
transients per cell (ROI) for optimized Kuhl-CKNaCx. Representative duration of elevated R-
GECOI fluorescence over time per Ca2+ transient. Black dot indicates the Ca2+ transients
FWHM for each peak. F) Black dot indicates the time between Ca2+ transient events per cell.
Red bars indicate mean and + S.E.M (n = 150 cells per condition).
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S1 Table. Dunnett’s Multiple comparisons test. The table shows all test run using Dunnetts
where stated in the manuscript.
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Corresponding
Figure

Kuhl Cell

Viral Genomes
VG/well

Optimized Titer
VGiwell

Fluorescent Sensor
VGiwell

Figure 1 & 2

Kuhl

bPAC - 5e7

N/A

R-cADDis - 2e7

Figure 3A

Kuhl-C

bPAC - 5e7
CNG - 3.5e7

N/A

R-GECO1 - 5e7

Fig 3E

Kuhl-H

bPAC - 5e7
HCN-3.5e7

N/A

R-GECO1 - 5e7

Fig 4A & Fig 5

Kuhl-CK

bPAC - 5e7
CNG - 3.5e7
Kir2.1 - 3e6

N/A

R-GECO1 - 5e7

Fig 4C & Fig 5

Kuhl-HK

bPAC - 5e7
HCN - 7.5e7
Kir2.1 - 3e6

N/A

R-GECO1 - 5e7

Fig 6

Kuhl-CKNa

bPAC - 8.6e7
CNG - 3.6e6

Kir2.1 - (0 - 5e9)
NavD - (0 - 5e7)

R-GECO1 - 5e7

Fig7

Kuhl-CKNaCx

bPAC - 8.5e7
CNG - 3.5e7
Cx-43 - 3.5e7

Kir2.1 - (0 - 5e9)
NavD - (0 - 1e8)

R-GECO1 - 5e7

Fig 8

Kuhl-CKNaCx

bPAC - 8.5e7
CNG - 3.6e7
Kir2.1 - 5e7
NavD - 1e8

Cx43 - (0 - 5e8)

R-GECO1 - 5e7

Fig 9

Kuhl-CKNaCx

bPAC- 1.7e8
Kir2.1 - 5e7
NavD - 1e8
Cx43 - 5e6

CNG - (0 - 1e9)

R-GECO1 - 5e7

Fig 10

Kuhl-HKNaCx

bPAC - 8.6e7
Kir2.1 - 5e7
NavD - 1e8
Cx43 - 5eb

HCN - (0 -1e9)

R-GECO1 - 5e7

Fig 11

Kuhl -
CKNaCx

bPAC - 8.6e7
CNG - 1e3
Kir2.1 - 1e8
NavD - 1e8
Cx43 - 1e6

N/A

R-GECO1 - 5e7

Fig 12

Kuhl -
CKNaCx

bPAC - 5e5
CNG - 1e3
Kir2.1 - 1e8
NavD - 1e8
Cx43 - 1e6

N/A

R-GECO1 - 3e7
G-GECO1 - 3e7

Fig 13

Kuhl -
CKNaCx

bPAC - 5e5
CNG - 1e3
Kir2.1 - 1e8
NavD - 1e8
Cx -1e5

N/A

ArcLight - 2e7

S2 Table. Experimental setup for each figure. The table shows the experimental set up, the final
viral concentration used, and their corresponding figures.
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S1 Movie. Bright Subcellular Flashes of Ca2+. The authors do not know what these come from.

S2 Movie. The temporal/spatial movement of CNG in Kuhl-CKNaCx cells. Rose like patterns.

S3 Movie. The temporal/spatial movement of HCN2 in Kuhl-HKNaCx cells. Wave-like
spreading pattern.

S4 Movie. A well from the Kuhl-CKNaCx 10 well experiment. Cells imaged for 15 minutes
with robust, repeatable activity.

S5 Movie. G-GECO1 and R-GECOI can be imaged simultaneously. An image created by the
OptoSplit II is shown where the green and red emission from both sensors are split and imaged
on two different portions of the EMCCD camera

S6 Movie. Whole well image of ArcLight activity. Activity of Kuhl-CKNaCx cells with the
GEVI ArcLight.

S7 Movie. Combined images of ArcLight activity. Activity of Kuhl-CKNaCx cells with the
GEVI ArcLight from the same well.

S8 Movie. Combined images of ArcLight activity. Activity of Kuhl-CKNaCx cells with the
GEVI ArcLight from the same well.
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CHAPTER FOUR

FUTURE RESEARCH DIRECTIONS

If a scientist stopped to examine every strange occurrence while performing research, he or she
would seldom finish a project and often end up wasting a considerable amount of time paying attention
to inconsequential anomalies. It is the refinement of the scientist to know when to dig and continue
digging. But what makes an anomaly worth concentrated scrutiny and deemed further investigation?

That depends largely on the investigator and their breadth of knowledge and intuition [1].

Further Kuhl Optimization

The Kuhl cell system still needs further optimization. To be used to screen voltage sensors a
faster Na,channel should replace the NavD to create faster pseudo action potentials. Also, the
repolarization of the cells is not coordinated and relatively slow. Potentially, a confluent layer of Kuhl-
CKNaCx HEK?293 cells could be co-plated with a small number of cells that only contain a
halorhodopsin. In this system, the investigator gains temporal specificity by using different wavelengths
that could control the depolarizations and hyperpolarizations.

Or, instead of using cells containing halorhodopsin, a small number of cells could be co-plated
and act as a pacemaker using Sinoatrial Node SAN channels, such as HCN2, KCNQ, and a HERG
channel. In theory, these pacemaker cells could regulate the depolarization and hyperpolarization of the
surrounding Kuhl cells through gap junction coupling. Coordinating the action potential inducing
rhythmicity in Kuhl cells with a single pulse of light would be an important next step if this system

wants to be used in whole plate fluorescence screening platforms. Potentially, if the initial 100s
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following a pulse of blue light was imaged in Kuhl-CKNaCx cells the whole well or whole plate
fluorescence could be used to differentiate the biosensors’ responses, instead of extracting data cell by
cell per well. This may work because the activity immediately following the blue light stimulus is
largely coordinated. This could increase throughput when screening biosensors but it would only
measure the total fluorescence change. If this can be done, the best ~100 sensors from this initial screen
could be moved into a lower throughput screen where each sensor was benchmarked against the
standard sensor for sensor kinetics in a cell by cell analysis. Finally, Kir2.1 and NavD should be
optimized with the Kuhl-HKNa and Kuhl-HKNaCx system. I believe it should be optimized because
HCN2 is a voltage-gated channel and therefore intrinsically acts differently than the CNG channel. It

might respond better to higher levels of Kir2.1 because it is hyperpolarization gated dependent.

Screen Activity-Based Biosensors

Traditionally, the throughput of screens for better voltage sensors has been extremely slow [2].
The Kuhl cells described here can be used to screen voltage and Ca?" sensors easily using an optical
imaging splitter. This system provides the experimenter with a way to benchmark the novel sensor
against the standard, such as Voltron or jJGCaMP7 [3.4]. This system can screen novel sensors for their
kinetics, however, a lot of work is yet to be done.

The Kuhl-CKNaCx action potential lasts on the order of seconds while the neuronal actional
potential lasts on the order of milliseconds. Therefore, if screening for faster voltage sensors it would be
favorable to increase the speed of the pseudo action potential. Increasing the speed of the action
potential will also increase the speed of the throughput if it decreased the inter-event interval between

each event. For example, to record 100 fluorescence peaks before moving on to the next well, increasing
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the speed at which the cells fire and decreasing the time between firing will decrease the time needed to
image. Another way to increase throughput in this system would be to increase the coordination of the
cells. Greater coordination of the Ca?" transients/APs and increasing the number of times that a

fluorescence peak is produced within 10 seconds would increase the throughput of the system.

Using the Kuhl System to Screen Drugs

While we have examined the use of the Kuhl system to develop novel biosensors it could be used
to screen drugs that interact with particular channels. For example, the channels Kir2.1 and NavD could
be exchanged for heart voltage-gated ion channels such as hKy1.5, hNay1.5, or HERG [5]. Interestingly,
the use of baculovirus in this screen may prove to be increasingly useful because it can overcome the
challenge of needing a stronger current from a particular channel depending on the drug target. For
example, in human-induced pluripotent stem cell-derived cardiomyocytes hiPSC, the Ik: current is
weaker than in traditional heart cells. In theory, by using baculovirus the Ixi current could be amplified
by increasing the total viral load [6]. Furthermore, a similar all-optical cell system using rhodopsin for
an actuator has proven useful in creating a high-throughput screen for pain therapy drugs that act on
sodium channels such as Nav1.7 [7]. Using an all-optical approach that combines optical reporters and
optogenetics obviates the use of electrophysiology and reagents to create a system that can be stimulated
repeatedly.

A Need for a Voltage-clamp Protocol Using Electrophysiology

The optogenetic tools available have complex photocurrent kinetics and it can be difficult to
counteract the fast gating and high conductivity of voltage-gated channels. The ability to create a light

step protocol that could replace voltage-step protocols could be useful when working in-vitro or in-
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vivo. It would be interesting to test if the voltage of the Kuhl cells using bPAC can be clamped with
varying levels of blue light.

To start, I could use red voltage sensors such as Voltron or BeRST-1 [4,8] in combination with
electrophysiology to assign a light intensity of the voltage sensor to the resting membrane potential.
Then blue light at small brief doses could be used to activate bPAC and using electrophysiology to
determine if the cells membrane potential could be clamped at a certain voltage. While a brief pulse of
light to bPAC has a much slower and longer-lasting effect on the cell than a channelrhodopsin, this may
stand to benefit experimenters trying to keep a constant voltage for a longer period of time. However, if
large and fast positive and negative voltage jumps are needed, halo and channelrhodopsins should be
used. For example, a previous study using ArchT and ChR2 has shown that they could create a
calibrated light-step protocol. They used one wavelength to depolarize the cell and another to
immediately hyperpolarize the cell, however, this doesn’t allow for imaging channels within this
wavelength and still used electrophysiology to examine the channels currents [5]. ‘Optopatch’ or
‘Floxopatch’(in mice) was a creative design using QuasAr2, an archaerhodopsin-derived voltage
indicator, and CheRiff, a blue-shifted channelrhodopsin. This design allows for the activation of
Optopatch-expressing neurons to be stimulated with blue light while recording action potentials with the
near IR QuasAr2 sensor. They induced and recorded action potentials in different neuronal areas,
however in fast-firing neurons the electrical waveforms were not accurate when compared to
electrophysiology recordings[9]. Further, they found that when they depolarized the cells with light they
increased the SNR of the sensor. This reinforces that there is a need for fluorescent voltage sensors that

have improved kinetics as well as SNR.
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Subcellular Flashes in the Kuhl Cells

A small but maddening detail is the presence of subcellular flashes in the Kuhl cells. It would be
interesting to identify where the Ca is coming from. If the subcellular flashes are coming from
mitochondrial release a Ca> sensor could be targeted to the mitochondria. Perhaps the large increase in
cAMP or Ca> is acting on IP3 channels by opening them briefly and dumping Ca> into the cytosol [10]?
If the cells are placed in Ca> free buffer after stimulation does the phenomena still occur? These

questions keep me up at night.
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