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The credit belongs to the man who is actually in the arena, whose face is marred by dust
and sweat and blood; who strives valiantly; who errs, who comes short again and again,
because there is no effort without error and shortcoming; but who does actually strive to
do the deeds; who knows great enthusiasms, the great devotions; who spends himself in a
worthy cause; who at the best knows in the end the triumph of high achievement, and who
at the worst, if he fails, at least fails while daring greatly, so that his place shall never be
with those cold and timid souls who neither know victory nor defeat.

Theodore Roosevelt
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SUMMARY

Understanding how neurons of the brain communicate, connect, and respond to stimuli
is a fundamental goal of neuroscience. Whole-cell patch clamp recording in vitro repre-
sents the gold standard method for measuring electrophysiology of single neurons because
of its high spatiotemporal resolution. However, the manual and time-consuming nature of
patch clamping experiments have limited the throughput and number of cells that can be
sampled per day. To improve the throughput for these single-cell experiments, the goal of
this dissertation was to (1) integrate automated patch clamp with discovery experiments
for cellular indicators and effectors, (2) develop a machine learning algorithm for real-time
neuron detection of neurons in brain slices for in vitro patch clamping, and (3) create a
coordinated, multi-pipette patch clamp algorithm for enabling high throughput synaptic
connectivity studies. Towards these aims, this thesis demonstrated the rst robotic system
to perform ligand-gated ionotropic receptor protocols autonomously leading up to a 10-
fold reduction in research effort over the duration of the experiment. | showed the robot
can rapidly replicate an 8-point concentration response curve of the effect of propofol on
GABAR deactivation from likely weeks to 13 hours of recording. In addition, | integrated
the fully automated patch clamp robot to discover a brighter and more sensitive chemige-
netic voltage indicator, Voltron2, over its predecessor exhibiting 3-fold higher sensitivity in
response to sub-threshold membrane potential changes. Towards the second aim, | devel-
oped a novel, deep learning-based method able to accomplish automated, real-time neuron
detection in brain slice at 18 frames per second with high precision and trained with a small
data set of 1138 annotated neurons. The nal aim of this thesis describes the rst ever fully
automated, multipatching robot able to "walk” across a brain slice in a coordinated route
plan to ef ciently probe for local synaptic connections between neurons. The combination
of these technologies has created a bouquet of tools to enable high-ef ciency, single-cell

experiments that yield multiple types ("multimodal”) of cellular electrophysiology data.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Introduction

Patch clamp recording is a gold-standard technique for the accurate measurement of single-
cellmembrane voltage uctuations, synaptic currents, and ionic channel activity in neurons
[1, 2]. Using a glass micropipette to form a physical seal with a small patch of membrane on
a target cell, one can directly record with high temporel@ kHz) and voltage resolution

(<1 mV) the electrical activity of the cell, fully avoiding interfering signals from other
neurons. The sensitivity of patch clamp recording has uniquely permitted the recording of
current signals in an individual ion channel [3] and synapse [4]. Whole-cell patch clamping,

a variant of the technique in which the patch of membrane is ruptured to obtain access to
the cell cytosol, has been used to characterize synaptic plasticity [5], study sub-cellular
compartments [6], and elucidate connectivity among nearby neurons [7].

Typically, whole-cell patch clamp studies are performed under microscope guidance,
allowing a direct visualization of cells [8]; however, “blind” patch clamp recording, in
which pipette Resistance (R) is used as a proxy to detect cell contact is also possible [9].
The majority of patch clamp studies are currently performed on cultured cells adhered to a
substrate or in slices of living brain tissue even though patch clamp recording in-vivo has
yielded unique insight into the function of single cells in physiologically relevant states
[10].

An example sequence of steps in a whole-cell electrophysiology experiment in brain

slices is as follows (Figure 1.1 shows the main steps):
1. Visually identify a brain region of interest under low magni cation (4x).

2. Visually identify a target cell suitable for patch clamp recording using differential

1



Figure 1.1: Whole-cell patch clamp sequence. Copyright Axol Biosciences Ltd.

interference optics (DIC) under high magni cation (e.g. 40x) in the brain region of
interest. A cell is generally picked by distinguishing morphological characteristics
or the perceived health of its cell membrane, but may also be picked based on the

presence of a uorescent marker.

. Several (10-100) microns above the slice, nd the patch clamp pipette under the high-
magni cation objective and apply positive pressure to the pipette by mouth or with a

syringe. This positive pressure is not acute and is constant until Step 6.
. Descend pressurized pipette to a relative distand® ( m) above target cell.

. Approach target cell slowly while monitoring the position of the cell and the pipette

tip, the internal pressure in the pipette, and the electrical resistance.

. Form a gigaseab( 1 G Gigaseal Resistance ¢R)) with the cell by releasing pos-
itive pressure and applying slight suction. Apply a holding voltage of -70 mV before

break-in.



7. Break into the cell by applying brief suction pulses to the pipette and monitoring the

response to the membrane test.

8. Detect successful break-in by observing low holding current at -70 mV and capacitor
transients in response to square wave voltage pulses. This is done in voltage clamp
where we clamp the membrane voltage to -70 mV and look at the required current to
hold it there. This is just an example method and for different ampli ers, it may be

advantageous to enter into current clamp.

1.1.1 Limitationsof patchclamprecording

The immense diversity of neuronal cell types in the brain and their sparse connections
create a tremendous demand for large sets of single-cell data that current patch clamp
technologies cannot ful ll. Cell type classi cation of neurons remains a “holy grail” of
neuroscience. De ning highly speci ¢ classes of neurons is dif cult because of their inher-
ent electrophysiological, morphological, and genetic variability, even within a single class.
Thus, it becomes necessary to use large datasets that enable the creation of suf ciently
de ned borders between cell types.

The dif culty of collecting these data has resulted in many small-scale studies of cell
characterization, e.g. n=21 [11], n=89 [12], n=27 [13] but precious few witB0 cells
[14]. The low throughput from patch clamping has made it dif cult to form a uni ed
taxonomy of cell types. A notable attempt to do so is the recent effort by the Allen Institute
for Brain Science (AIBS) aimed at creating a catalog of cells in the mouse primary Visual
area | (VI) cortex. This ambitious, multi-year project is set to pro le thousands of neurons
using patch clamping; however, with the current throughput limitations of the technique, it
is not clear if these efforts can be replicated in other brain regions or by any other lab or
institution in the future.

The sparse connections between neurons are fundamentally important to brain function

but are dif cult to study in large numbers. Inter-neuronal connections form the foundation



of learning and memory and faulty connectivity patterns can give rise to neurological dis-
orders [15]. Despite the importance of these connections, there is a dearth of large-scale
single-cell connectivity studies, owing to the compounded dif culty of patch clamping
multiple neurons simultaneously as well as the inherently low inter-neuronal connection
probabilities. For instance, studies of brain regions with low ( 2%) connection probabilities
will yield only 39 connections in 2,000 dual-patch recordings [16]. Recent advances in
micromanipulator stability and electronic multiplexing have enabled eight and twelve si-
multaneous patches [17] which dramatically increases the number of connections that can
be sampled simultaneously. This increase in throughput has led to impressive studies with
the number of total patches numbering in the thousands,>e8¢000 [18],> 2,500 [19],
>1,000 [20],>11,000 [21]. However, those studies still require hundreds of experiments
and the high-channel patch clamp technique still requires tremendous skill, dexterity and
experience to set up and use, and is thus far from a “benchtop” tool for analyzing neuronal
connectivity.

In stark contrast to the thousands of data points necessary to suf ciently identify a cell
type or pro le a synaptic connection, only a handful of cells are typically patched in a single
day by an experimenter. The low throughput from patch clamping is primarily a result of
two factors: rst, neurons in brain slices die over the course of the experiment; 12+ hours
after slicing the brain, it is thought that most neurons visible under DIC are unsuitable for
patch clamping [22]. Second, the highly manual nature of patch clamp experiment which
requires extensive attention, skill, and dexterity is physically and psychologically taxing
on the investigator. Given the highly repetitive yet demanding nature of the task, when
large datasets are necessary, many advantages of patch clamp recording are offset by its

low throughput.



1.1.2 Automationof patchclamprecording

Several automation technologies have emerged to alleviate some of the manual tasks in
patch- clamping. Fully-automated systems have been developed for patching onto dissoci-
ated cells [23]. These planar patch clamp devices automatically capture dissociated cells
suspended in solution into an etched cavity which replaces the conventional patch clamp
pipette. While these systems are widely used in pharmacology due to their high throughput
[24, 25], they are not suitable for substrate-adhered (non-dissociated) cells or cells in sliced
brain tissue, making them impractical for studying neurons in culture or brain slice.

For conventional (pipette-based) experiments, several hardware and software technolo-
gies have been crucial to reducing the complexity and increasing the throughput of each
trial. On the hardware side, commercially available motorized actuators and XY transla-
tion stages have enabled precise, motorized manipulation of a pipette to a target cell. Once
a cell is approached, automated pipette pressure control via an “Autopatcher” device de-
veloped in our lab enables one to automatically form a gigaseal with the target neuron and
break-in to reach the Whole-cell (WC) con guration [26].

Various software packages take advantage of the motorized and automated hardware to
automate portions of the patch clamp trial. The LinLab and PatchVision software pack-
ages (Scienti ca Ltd.) allow users to move pipette actuators to pre-de ned positions, keep
pipettes in view while moving the sample, and customize the function of stage and manip-
ulator control devices. Free, open-source software packages such as Micro-Manager [27],
Ephus [28], and Acqg4 [29] effectively combine multiple acquisition and manipulation de-
vices to create a uni ed user interface for patch clamp recording and photostimulation.
While these software packages automate electrophysiology experiments after a whole-cell
con guration has been reached, they do not automate the patch clamp procedure itself. Re-
cently, a custom multi-electrode patch clamp system automated multi-pipette positioning
and seal formation with up to 12 pipettes [30].

The hardware and software developments mentioned above have sped up experiments
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and enabled more convenient user interaction with scienti ¢ equipment but do not com-
pletely automate a full in-vitro microscope-guided patch clamp experiment. That is, for all
the mentioned solutions, a skilled and experienced user is still required to (1) manually nav-
igate the pipette to the target cell and (2) replace pipettes after each patch clamp attempt.
Thus, existing technologies do not automate microscope-guided patch clamp recording to
the level of an autonomous, independently functioning system. While there are concerns
that an automated system will not match the exibility and experience of a trained user
[17], few would argue that high-throughput patch clamp data collection will be possible
without major automation efforts.

To improve the throughput and reduce the barrier to entry for these high value exper-
iments, the Forest lab recently developed the “patcherBot,” a robot (Figure 1.2) that au-
tomatically performs whole-cell recordings in adherent cells and acute, mouse brain slice
by algorithmically detecting and recording from individual cells using Image-Guided (I1G)
techniques with pipette reuse allowing for fully, unattended patch clamping experiments
(work ow in Figure 1.3). The patcherBot can obtain data at a rate of 16 cells (adherent)
per hour and work with no human intervention for up to 3 hours [31]. Using such an au-
tomated system, we were able to identify a myriad of patch clamping developments that
were enabled due to the controlled, automated ability of the patcherBot. For instance, we
discovered that pipette cleaning can be improved by a factor of three [32], and that gigaseal
success probability is a product of distance from the pipette to the cell. With the validation
of the patcherBot, it has enabled the potentially transformative application towards high-
guality measurements of single cells for discovery experiments such as drug screening,

protein functional characterization, and other multimodal cell type investigations.

1.1.3 Pharmacologyn patchclamping

Many alternative methods and machines have been developed that attempt to accelerate the

collection of data that approximates what patch-clamp electrophysiology can achieve, such



Figure 1.2: Cartoon of the previously published PatcherBot (Kolb et al. 2019), assembled
from an upright microscope, high sensitivity camera, custom pressure control box, quasi-4
axis electrode manipulator, and a motorized stage..

as activity-sensitive uorometric probes and high-throughput machines that patch dissoci-
ated cells on planar patch-clamp “chips” [33, 34, 35, 36]. However, these methods sacri ce
the high precision of patch-clamp electrophysiology in order to achieve higher throughput.
For instance, uorometric probes must be tuned to a speci ¢ application, and fully resolv-
ing the kinetics or full activity of ionotropic receptors is typically not possible. Imaging
experiments also cannot control for confounding voltage uctuation associated with the
measured response. Additionally, for high-throughput patch-clamp systems, performance
is limited by their solution handling capabilities, and cost of both equipment and supplies
are prohibitive for many studies. Most of these methods are also incapable of measuring
cells that are adherent or embedded in tissue [28, 29, 34, 37, 38].

Thus, an implementation of the patcherBot that enables automated intracellular pharma-
cological electrophysiology would enable substantially faster acquisition of drug screening
datasets. The “patcherBotPharma” can perform pharmacological concentration-response
experiments and can record ligand-gated ionotropic receptor response to fast agonist expo-
sure (millisecond exchange time) with automated control of the microscope, bath solution,
a solution manifold, and a piezoelectric translator. We observe a high-throughput rate of

the patcherBotPharma unattended, with further improvement using minimal operator as-



Figure 1.3: The rst step is to load the pipette electrode onto the manipulator. The second
step is to calibrate the tip of the pipette in the eld of view on the microscope. The third
step is to pick cells of interest to patch. The fourth step is to hunt (Neuron hunting (NH))
for the cell and come into contact with it with the electrode. After contact, a gigaseal is
attempted and if successful, the pipette "breaks-in' to the cell for a whole-cell con gura-
tion. Afterwards, electrophysiology recordings are conducted. After the data recording,
the pipette is retracted and sent to be cleaned for reuse. The green boxes represent the fully
automated portions of the patcherBot.

sistance. We show the capabilities of the patcherBotPharma by replicating a conventional
dataset substantially faster — with considerably less human effort — than we had done
previously. The increased ef ciency enabled by this patch-clamp electrophysiology system
creates the potential to address scienti ¢ questions that were previously considered imprac-
tical because of large, time-consuming requirements needed to complete data acquisition

using conventional approaches.

1.1.4 Optogenetiengineeringn patchclamping

Similar to how intracellular electrophysiology is important for pharmacology drug screen-
ing, whole-cell patch clamping is extremely important in screening for genetically encoded
voltage indicators and effectors (GEVIs and opsins). Optogenetics is a form of protein mu-
tation within an adherent cell or neuron that allows the use of light stimulation to change
the membrane potential of itself. In the case of Genetically Encoded Voltage Indicators
(GEVIs), the voltage potential of the neuron will be indicated by a change in uorescence
intensity. With effectors like opsins, the actual stimulation of light can cause a current
response within the neuron [39, 40]. Furthermore, the method of optogenetics allow sci-
entists to study the brain non-invasively and without any direct probes which is one of the

drawbacks of patch clamping. With the development of optogenetics in the 2000s, aca-
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demic labs around the world have focused on creating “better” protein mutations so that
the opsin and GEVI response is faster, brighter, and less damaging to the neuron for longer
recording opportunities [41, 42, 43, 44].

However, there are two fundamental issues with an all-optical study of the brain, (1)
the temporal delity is not as precise as compared to whole-cell patch clamping, and (2)
the dif culty in re-engineering and developing better GEVIs and opsins. Due to the vast
number of mutant libraries for different protein mutations, there is still a requirement to
use patch clamping as ground truth data to validate that the protein mutation and its mech-
anisms respond as they should to an action potential. In this manner, the use of whole-cell
patch clamping is still required to further develop better opsins, and thus there is a need for
automation and the use of the “patcherBot” to mitigate the time-consuming experiments
of opsin validation. This thesis integrates light stimulation and voltage imaging with the
patcherBot to optimize the automation for discovery experiments as it pertains to optoge-

netics.

1.1.5 Machinelearningin patchclamping

One of the most crucial initial steps in the patch clamping process is identifying a healthy
cell. The edges of a healthy neuron under Differential Interference Contrast (DIC) are
often unclear and vary widely in shape and size. Moreover, the milieu of brain tissue
not only consists of neurons, but also cerebrospinal uid, blood vessels, and glia, among
other extracellular content which induce signi cant light scattering under DIC, an optical
technique widely used for observing unstained biological samples. While uorescence
microscopy may be used for identifying somas in acute slice patch clamp experiments, it is
not always practical since it requires the use of dyes or genetically engineered production
of uorophores. Rather, it is often desirable to image label-free, yet optically transparent
samples which requires the use of DIC.

Since identi cation of neurons is such a critical task, often requiring signi cant experi-



ence to identify healthy cells, automation of the cell identi cation and selection process is
a dif cult, necessary step towards completing full automation of patch clamp as well as in
assisting novices how to identify cells. Research groups enabling the automation of patch
clamp have alluded to the potential bene ts of automating this task, though the problem is
not yet fully resolved. Koos et al. have recently shown a CNN that identi es somas under
DIC, though their network required substantial time and over 31,000 annotated neurons for
training [45]. This thesis aims to achieve similar accuracy on a smaller, faster CNN that

can quickly nominate cells for patch clamp experiments.

1.1.6 Local synapticconnectivityandcircuit mapping

Lastly, as previously mentioned in the introduction, the notable attempt to map and catalog
the mammalian neocortex by the Allen Institute for Brain Science was recently published
[46]. This ambitious, multi-year project set out to pro le thousands of neurons using patch
clamping. Even more heroically, they managed to do this feat with brute force of manual
patch clamping. Not only did this take years of effort by dozens of scientists, but it is not
clear if these efforts can be replicated in other brain regions or by any other lab or institution
in the future. But such an effort is required because cell types transmit information in
a highly stochastic manner and dependently on past activity. The dynamic properties in
connectivity between cell types suggest major implications in cortical function, and the
need for empirical neuroscience data for computational and modeling studies is highly
necessary. Thus, it is important to classify neurons to understand cortical circuit function
as well as classifying probability and the dynamic synaptic relationship between pre- and
postsynaptic cell types.

Other labs dedicated to the reconstruction of the local circuitry and synaptic connectiv-
ity within brain regions [17, 20, 47, 48] have also devoted years of heavy efforts, and the
ability to add automation to the issue can greatly enhance the ef ciency and effectiveness

of such studies. Even more so, automation would add a level of ef ciency for other labs
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who also studied local circuitry on a more limited scale such as the anteroventral cochlear
nucleus [49]. While an atlas and catalog of the local circuitry and synaptic connections in a
brain region can enhance our ability to understand the brain, there is additional utility with
automation of multiple manipulators for simultaneous multi-pipette patch clamping.

Indeed, neurons such as parvalbumin inhibitory interneurons (Parvalbumin Inhibitory
Interneurons (PV-int)) are highly vulnerable to stressors and have been implicated in many
psychiatric diseases like autism and Alzheimer's disease (AD) [50]. Alzheimer's disease
is associated with changes in fast-spiking interneurons. Transgenic mice with AD-like
pathology were found to have reduced gamma power that, in one model, precedes cog-
nitive impairment and amyloid plaque formation [51]. In another study, a voltage-gated
sodium channel (Nav1.1) that is largely found on axons of PV-int was decreased in a mouse
model with amyloid pathology, and in AD patients [52]. Restoration of the levels of this
voltage-gated sodium channel increased gamma oscillations, while memory de cits and
premature deaths decreased [52]. Thus, the nal aim was to create an ef cient method to
probe local synaptic connections between neurons. To do this, | developed the rst ever
forward-thinking multipatching robot demonstrating automatic, sequential recordings in a
brain slice using a coordinated route plan. This method, named "patch-walking”, uses a
route-planning algorithm to optimize for ef cient, high throughput synaptic connectivity
studies whether it is used for pro ling the local circuitry of a region of the mouse brain or
for studying the effects of PV-int stressors that may lead to pathologies towards Alzheimer's
disease.

To enable high throughput patch clamping for pharmacological, optogenetic, and chemi-
genetic discoveries, | aim to link the electrophysiology of cells to the application of various
effectors. Due to a vast number of mutant libraries for genetically encoded voltage in-
dicators/effectors and numerous pharmacological compounds, a rigorous, robust census
of these libraries must necessarily be automated. | have developed and optimized an auto-

mated tool that enables recording of whole-cell intracellular recordings in combination with
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drug delivery, light stimulation, or voltage imaging. With these technologies combined, this
thesis enabled the rst robot that can automatically search for connected neurons in brain
tissue and also outperforms manual patch clamping-based screening assays to signi cantly

advance the eld of neuroscience and reveal new insights into brain function
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CHAPTER 2
INTEGRATE AUTOMATED PATCH CLAMPING TO IMPROVE
REPRODUCIBILITY AND THROUGHPUT FOR TRADITIONAL
PHARMACOLOGY ASSAYS

2.1 Summary

We report an automated, high-precision patch clamp system which substantially improves
the throughput of these time-consuming pharmacological experiments. The patghgtBot
enables recording from cells expressing receptors of interest and manipulation of them to
enable millisecond solution exchange to activate ligand-gated ionotropic receptors (work-
ow seen in Figure 2.1). The solution-handling control allows for autonomous pharma-
cological concentration-response experimentation on adherent cells, lifted cells, or excised
outside-out patches. The system can perform typical ligand-gated ionotropic receptor ex-
perimentation protocols autonomously, possessing a high success rate in completing exper-
iments, and up to a 10-fold reduction in research effort over the duration of the experiment.
Using it, we could rapidly replicate previous datasets, reducing the time it took to produce
an 8-point concentration response curve of the effect of propofol on Gamma-Aminobutyric
acid Receptor Type A (GABAR) deactivation from likely weeks of recording to 13 hours

of recording (Figure 2.2). On average, the rate of data collection of the patchgyRotvas

a data point every 2.1 minutes that the operator spent interacting with the patghgrRot

The patcherBetamaprovides the ability to conduct complex and comprehensive experi-
mentation that yields datasets not normally within reach of conventional systems that rely
on constant human control. This technical advance can contribute to accelerating the ex-
amination of the complex function of ion channels and the pharmacological agents that act

on them.
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2.2 Introduction

Patch-clamp electrophysiology is an incredibly important technique that has enabled many
discoveries in pharmacology, physiology, and neuroscience [1, 53]. Patch-clamp record-
ing has the ability to accurately measure the time-course of postsynaptic or post-junctional
currents and can fully resolve ion ux and the rapid transitions of individual ionotropic
receptors [1, 54, 55, 56]. However, extensive effort and time are required to perform this
high-resolution technique. Many alternative methods and machines have been developed
that attempt to accelerate the collection of data that approximates what patch-clamp electro-
physiology can achieve, such as activity-sensitive uorometric probes and high-throughput
machines that patch dissociated cells on planar patch-clamp “chips” [57, 33, 58, 34, 35,
36]. However, these methods sacri ce the high precision of patch-clamp electrophysiology
in order to achieve higher throughput. For instance, uorometric probes must be tuned to a
speci ¢ application, and fully resolving the kinetics or full activity of ionotropic receptors

is typically not possible. Imaging experiments also cannot control for confounding volt-
age uctuation associated with the measured response. Additionally, for high-throughput
patch-clamp systems, performance is limited by their solution handling capabilities, and
cost of both equipment and supplies are prohibitive for many studies. Most of these meth-
ods are also incapable of measuring cells that are adherent or embedded in tissue [28, 29,
59, 34].

Recently, our group has worked on equipping a traditional intracellular electrophysi-
ology rig with the capability to operate autonomously [60, 31]. Robotic vision, pipette
pressure control, and electrode cleaning enable the resulting “patcherBot” to execute the
basic steps required to perform patch-clamp electrophysiology without human intervention.
Utilizing these automated methods allow for the acceleration of electrophysiology exper-
imentation by reducing the process times of many steps as well as drastically decreasing

the amount of required operator-rig interfacing time. The patcherBot is capable of patching
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over 30 cells sequentially, can run unattended for over 4 hours, and operates at about a 70%
success rate (reaching the whole-cell patch-clamp con guration per patching attempt) [31].
These advances enable the patcherBot to record spontaneous activity or voltage-dependent
biological phenomena, and they can be multiplexed within a single preparation to record
from multiple cells simultaneously. Thus, the patcherBot is highly pro cient at addressing
guestions such as connectomics or intrinsic properties of neurons. Despite its many capa-
bilities, this technology cannot perform many assays on ligand-gated ionotropic receptors
or pharmacological studies.

Here, we present an implementation of the patcherBot that enables automated intracel-
lular pharmacological electrophysiology. The “patcheBgt.s can perform pharmaco-
logical concentration-response experiments and can record ligand-gated ionotropic recep-
tor response to fast agonist exposure (ms exchange time) with automated control of the
microscope, bath solution, a solution manifold, and a piezoelectric translator. We observe
a high-throughput rate of the patcherB@tn,unattended, with further improvement using
minimal operator assistance. We show the capabilities of the patchesBeby repli-
cating a conventional dataset substantially faster — with considerably less human effort —
than we had done previously. The increased ef ciency enabled by this patch-clamp electro-
physiology system creates the potential to address scienti ¢ questions that were previously
considered impractical because of large, time consuming requirements needed to complete

data acquisition using conventional approaches.

2.3 PatcherBobnama Hardware and Software

The patcherBehamais built on a standard inverted microscope (Axiovert 200, Ziess) to al-
low for clearance of the recording electrode and solution handling manifolds. Standard,
three-axis micromanipulators were used to translate the recording electrode (PatchStar,
Scienti ca) and the microscope (Motorized XY Stage [UMS] with Z-focus module, Scien-

ti ca). A high sensitivity camera (Retiga Electro, Qlmaging) is used for computer vision.
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Figure 2.1: patcherBot work ow showcasing a discovery experiment for pharmacology.
The difference here versus the original patcherBot is the addition of drug application during
ephys recordings.

Electrode pressure was controlled using a custom control box that regulates house-air line
to deliver -700 to +1000 mbar using an inline venturi tube (SMC), solenoid valve (Parker
Hanni n), and a digital air regulator (ProportionAir) controlled by an Arduino Uno for
rapid pressure switching [26, 31]. A three-barreled, square cross-section solution manifold
(3SG700-5, Warner Instruments) attached to a piezoelectric translator (Burleigh Instru-
ments) was used for cell perfusion similar to many that have been previously published [61,
62]. Barrels of the solution manifold were connected to 8-valve solution changers (Hamil-
ton Modular Valve Positioner). Custom LabVIEW code (National Instruments) integrating
manipulators (electrode and microscope), camera view of the microscope stage, pressure
control box, piezoelectric translator, and solution valves was implemented to control the
rig and enable automated experimentation. Communication between the computer and the
ampli er, piezoelectric translator and solution changers was achieved using a Data Acqui-
sition System (DAQ) (BNC-2110, National Instruments) with several analog and digital

interfaces. Representative approach is seen in Figure 2.2.

2.3.1 TransientlyExpressindHEK cells

Human Embryonic Kidney cells (HEK-293) (CRL 1573, ATCC; hereafter HEK cells) and
a stable GABA R-expressing cell line were cultured in DMEM (Cat 10566016, Ther-

moFisher Scienti c) supplemented with 10% fetal bovine serum (FBS), 10 U/ml peni-
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Figure 2.2: Cartoon of the patcherBgima assembled from an inverted microscope, high
sensitivity camera, custom pressure control box, quasi-4 axis electrode manipulator, a mo-
torized microscope manipulator, two solution valves, and a solution exchange manifold.

cillin, and 10 g/ml streptomycin and maintained at 5% CO2 in a 37°C incubator. For
use on the electrophysiology rig, heterologous cells were plated on poly-D-Lysine (PDL)
coated glass coverslips (0.1-0.5 mg/mL, Warner Instruments). Recombinant N-methyl-D-
aspartate (NMDA) receptors were transiently expressed from complementary DNA (cDNA)
encoding rat GluN1-1a (hereafter GluN1, U08261), and GIuN2A (D13211). Calcium phos-
phate was used to transfect HEK cells in a 24-well plate with 500 ng of DNA at a ratio of
1:1:5 (GIuN1:GIuN2A:GFP). Four hours after transfection, N-methyl-D-aspartate Recep-
tor (NMDAAR) antagonists D,L-2amino-5-phosphonovalerate (2000 DL-APV) and 7-
chlorokynurenic acid (200M) were added to the culture medium to decrease the cytotoxic

effect of NMDA4 R expression.

2.3.2 StablyExpressindHEK cells

cDNAs for mouse Gabral, Gabrb2, and the long form of Gabrg2 were subcloned into
the pAC156 plasmid, a generous gift from Albert Cheng. The cDNAs were driven by

an EFlalpha promoter. A PGK promoter-driven puromycin resistance cassette was also
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present in pAC156; both cassettes were anked by piggybac transposon arms. All three
plasmids were co-transfected with the mPB piggybac transposase into HEK 293 cells, se-
lected by puromycin, and sorted into single cells. Clones were assayed for Gabral, Gabrb2,
and Gabrg2 expression by immuno uorescence, and one clone was expanded for further
study and use in this manuscript. Trypsin was used to dissociate the cells and plated on
the same coverslips, as mentioned above, 24-72 hours before experimentation (shorter time

and less PDL for lifted cell, and the inverse for excised patches).

2.3.3 Whole-cellvoltage-clamgecordings

Whole-cell voltage-clamp recordings were performed with thin-walled borosilicate glass
electrodes (3-6 M, TW150F-4, World Precision Instruments) lled with solution con-
taining (in mM) 110 Cs-gluconate, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl2, 2 MgCl2,
5 BAPTA, 2 NaATP, 0.3 NaGTP (pH 7.35). The extracellular recording solution con-
tained (in mM) 150 NaCl, 10 HEPES, 3 KClI, 0.5 CaCl2, 1 MgCI2, and 0.01 EDTA (pH
7.4). Whole cell recording from primary cortical neurons (examples showing alternative
experiment paradigm in the supplemental) were obtained utilizing an internal solution, con-
taining (in mM) 115 K-gluconate, 20 KCI, 10 HEPES, 2 Mg2ATP, 0.3 NaGTP, and 10
Na2Phosphocreatine (pH 7.35), and external solution stated above but with 1mM CacClz2.
The electrode cleaning solution (2% Tergazyme in water) was made fresh daily. Cleaned
electrodes were washed in appropriate external solution. All solutions were ltered (0.45
mor 0.22 m). Responses were recorded using a Multiclamp 700B (Molecular Devices),

Itered at 10 kHz (-3 dB), and digitized at 20 kHz.

2.3.4 AnalysisandStatistics

Whole-cell rapid solution exchange experiments were analyzed using custom algorithms
(Matlab, Mathworks). The desensitization and deactivation time courses were tted by

exponential functions based on receptor type. For NMBAlesensitization and GAB&R
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deactivation, they were t by one exponential function,

l=A e (2.1)

where | was the current response, A was the amplitude of the response, time is the
duration after the peak response or removal of agonist the time constant, and C is an
offset constant. NMDAR deactivation and GABAR desensitization was t with a dual
exponential function,

_time time

|=A; e +As e 5 +C (2.2)

the two exponentials are designated as fast (Afand slow (As, s). For dual expo-

nential ts, a weighed tau (,) was calculated,

:Af f+As S
v Af + Ag

(2.3)

The Fisher's exact test, two tailed, was used where noted. Mean £ SEM (standard error
of the mean) is used unless otherwise noted.

For ef cient traditional pharmacological experimentation, one must ensure the viabil-
ity of the available cell pool during sequential experimentation. Especially for ligand-gated
ionotropic receptors, this is achieved by lifting cells or pulling patches from the coverslip
and performing solution application far from the cells remaining on the coverslip (Fig-
ure 2.3B). This procedure can be more straightforward than translating the manifold to the
cell locations. We rst set out to ensure that this could be done reproducibly by the robotic
system, since achieving accurate placement of all components is essential for ef cient data
collection with minimal operator effort. We rst veri ed that the patcherBatn.could tra-
verse the recording electrode distances on the millimeter scale while ensuring micrometer
scale precision at the interface of a multibarrel ow pipe, given that piezoelectric translators

typically have a maximum range from 100-30th. This is especially important since in
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one complete cycle of the patcherBg@tmaoperation (patching, experiment manipulation,
and electrode cleaning) the electrode will translate roughly 150 mm.

The patcherBaethamaneeds to achieve this high level of accuracy and precision at the
solution manifold without necessitating manual, time-intensive error correction. Typically,
the placement of the electrode at the solution interface is established visually at a predesig-
nated location (beginning of the recording session) then test pulses are conducted to ensure
proper placement taking at least 30 second for a highly skilled operator. To test the ability
to return to the critical location, we translated the electrode through the various positions
required to patch sequentially (4x). After each cycle, the solution exchange around an
open-tip electrode was measured by triggering a piezoelectric translation of the solution
manifold (exchanging extracellular buffer and a partial salt solution containing 50% extra-
cellular buffer and 50% kD). We found that the electrode could be repeatability positioned
while retaining the fast solution exchange time, and without placement errors that can lead
to recording artifacts (i.e., straying into the adjacent lane before the jump, Figure 2.3C).

Lifting cells in the whole-cell con guration and pulling outside-out patches are two
of the most common methods of studying ligand-gated ionotropic receptors using rapid
solution exchange manifolds. For lifting cells in the whole-cell conformation, we imple-
mented a segmented (100 step) spiral translation method while applying a light suction on
the pipette (-40 mbar, Figure 2.3D,E). In applying this method, we were able to reliably
lift cells while retaining the high-resistance seal that was obtained while breaking through
(Figure 2.3F). For pulling outside-out patches, we implemented a segmented (100 step) arc
translation method while the pipette was at atmospheric pressure (Fig. 2G,H). In applying
this method, we were able to repeatedly pull outside-out patches, achieving the character-
istic low capacitance and high resistance of this patch-clamp conformation (Figure 2.3I).

With these new functionalities, this system proved capable of performing rapid solu-
tion exchange experiments as well as executing precise solution application. To demon-

strate these capabilities, we recorded from two synaptic ligand-gated ionotropic recep-
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tors, GABALR and NMDA,Rs, using the patcherBgtma (Figure 2.4). As expected,

the patcherBatamawas capable of recording NMDER responses from transiently trans-
fected HEK cells that were lifted off the bottom as well as from outside-out patches excised
from HEK cells (Figure 2.4A). Additionally, the patcherBgtmawas capable of recording
GABAAR responses from stably expressing cells, including both long agonist applications
as well as brief agonist applications (5 ms, Figure 2.4B). In addition to this experimental
protocol, the patcherBgtamaiS programmed to conduct many other commonly used solu-
tion exchange protocols (Supplemental Fig. 1) as well as voltage-clamp and current-clamp
protocols. These can be employed to measure neuronal activity or study speci ¢ voltage-
gated channels expressed in heterologous cells. The patchgrBaan implement these
experimental protocols on adherent cells, lifted cells or patches pulled from cells, paired
with solution control to measure channel responses in different conditions (Figure 2.7).

We subsequently performed a series of pharmacology experiments on (GABAd
NMDA 5 Rs where we recorded rapid agonist application to excised outside-out patches to
assess patcherBgtmaperformance on the minimum processes required in an experiment
(Table 2.1). Assessment of the overall performance of the patchgrRafor both gluta-
mate and GABA receptors revealed that a giga-ohm resistance patch (gigaseal patch) was
obtained 81.2% of the time (108 of 133 attempts). After a gigaseal was achieved, suc-
cessful break-in occurred 96.3% of the time to establish the whole-cell conformation (104
of 108 gigaseals). After whole-cell con guration stabilization, the success rate of excis-
ing an outside-out patch was 76.0% (79 of 104 whole-cell conformations). The successful
completion of an experiment based on every outside-out patch pulled was 74.7% (59 of
79 outside-out patches). Subsequent failure to complete an experiment after obtaining an
outside-out patch was due either to the lack of detectable receptor response upon agonist
application or patch integrity breakdown after initiating the experimental recordings. Taken
together the overall success of the patchesBat.was 44.4% (59 of 133 attempts). In ex-

amining the nature of failed experiments, we found that the yield of the system is largely
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based on two main factors, electrode placement and biological factors.

One major contributing biological factor to experiment failure was the ef ciency in
the transient cDNA transfection process used to express the NIVRBA Overall, there
was a higher success rate in achieving a high-quality recording from the stably express-
ing GABAAR cells (31 successes out of 51 total attempts) than the transiently transfected
NMDA R cells (28 successes out of 82 total attempts, Fisher's exact test, p = 0.0039).
Despite expression of GFP, which was coexpressed with NM®Aubunits, 14 of the 42
pulled patches did not have a current response of a suf cient amplitude. By contrast, the
GABAAR cell line had a trend of higher reliability: only 5 of the 31 outside-out patches
failed to have detectable current. This suggests that enhanced yield could result from im-
proved molecular biology methods. Outside of those biological inef ciencies, monitoring
the operation of the patcherBaimasuggests that the failures at the gigaseal formation step
and the outside-out patch-pulling step are due to slight errors (B)3n optimally placing
the electrode. In this dataset, we had performed a subset of experiments where an exper-
imenter manually intervened by controlling the nal placement of the electrode once the
patcherBat,armahad positioned the electrode 10t above the next selected cell. In these
operator-assisted experiments, we observed that the gigaseal yield was higher with 97.2%
and the patch-pulling yield was 88.6%. Speci cally, in obtaining gigaseals, the operator-
assisted trials resulted in 35 successes from 36 attempts compared to 9 successes from 15
attempts (Fisher's exact test, p = 0.0016). Additionally, in excising outside-out patches, the
operator-assisted trials resulted in 31 successes from 35 attempts compared to 6 successes
from 9 attempts (Fisher's exact test, p = 0.1383). The overall yield (successful experiment
compared to attempt) of these operator-assisted runs was 69.4% (25 good experiments of
36 attempts), as compared to the 40% success rate of the other experiments (6 good experi-
ments of 15 attempts, Fisher's exact test, p = 0.0645). Fully automated electrode placement
implemented in the patcherBgimarelies on machine vision using camera pixel intensity

cross-correlation methods to align a previously stored image of the cell and electrode to
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make corrections at the beginning of each attempt. These methods work well in placing the
electrode somewhere on a cell ( 16 precision) without operator intervention but lack
the accuracy to place it optimally (jdIm), which appears to have a large impact on overall
success. In addition to the losses in ef ciency, the machine vision processes are slow due
to the necessity to move the electrode or microscope to check for positioning errors. The
process time during fully automated patchefBgt.ooperation takes on average 267 + 35
s (mean = Standard Deviation, SD) to correct the manipulators, land the electrode on the
cell and break-in to the whole-cell conformation. This is compared to 74 + 10 s (mean +
SD) for the operator-assisted patcherBgt.a where robotic translations move the stage
to the next cell and places the electrode just above the cell (k)dbefore the operator
places the electrode on the cell and, in this case also, forms a gigaseal followed by the au-
tomated break-in process. Thus, the patcherBg@i.can operate fully autonomously, but
the speed and performance can be improved by operator intervention during key steps with
the current techniques of position error correction.

Operating in this manner, with minor manual interaction, the patchggBgican col-
lect experiment electrophysiology recordings pro ciently, which is demonstrated by a rep-
resentative run of the patcherBgtmafrom the results mentioned previously (Figure 2.5).
In this experimental run, the patcherBgtmawas programmed to collect four-phase record-
ings. During each phase, ve technical replicate sweeps were collected, a 10 sec sweep
with agonist applied for 0.5 sec. Following each set of recordings, the patch was blown off
with high pressure and the open-tip exchange time was determined to validate the electrode
positioning. On average, the recording time and position validation totaled 11.2 min. If the
patcherBathamadetects inadequate patch formation, after the outside-out patch procedure,
it terminates the recording and moves on to the next cell, spending only 1.4 min in doing
so. Over this 3.8 hour recording session, highlighted in Figure 2.5, 15 cells were attempted
to be patched, yielding 12 successful recording sets. During this time, the operator only

interacted with the patcherBgtmafor 15.5 min during recording (7.1% of the experimen-
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tal run time) after the 10.3 min of calibration and cell selection. The patchgiRBgiwas
recording data for 2.6 hours, which amounts to 72.0% of the operation time. The $RABA
responses that were collected were of high quality and similar to those previously reported
(Figure 2.5B, Table 2.3). Additionally, the placement of the electrode resulted in consistent
solution exchange times after each patch recording (Figure 2.5C).

Next, we performed a case study (Figure 2.6) where we sought to measure the main
actions of a widely used anesthetic, propofol (PRO), to highlight the operational proce-
dure and capability of the patcherBgtmain performing an extended, tedious patch-clamp
electrophysiology experiment. Propofol's main clinical actions are produced by prolong-
ing the deactivation of GABAR and have been well characterized [63, 64]. We ran
the patcherBet,maWith operator assistance for electrode placement (Figure 2.6A,B) fol-
lowed by manual patch formation, to optimize the time of biological data collection by the
patcherBathama We set out to collect an 8-point concentration response curve of propo-
fol's effect on GABAx R deactivation, and we split it into two sets and included a propofol-
free control before and after drug application (Figure 2.6C). In four, half-day recording
sessions (2 per each concentration set) totaling 12.95 hours of patchgrBoperation,
we attempted 42 recordings, obtained 39 gigaseal patches, achieved 28 whole cell con-
formations, pulled 24 successful outside-out patches, and completed 18 experiments (in-
cluding 6 incomplete) that yielded 113 data points (Figure 2.6D-E, Table 2.4, Table 2.5).
After eliminating the recordings with too large a leak current, too small a response ampli-
tude, or recording artifacts, we were left with 71 data points that were used to calculate
the concentration-response relationship of propofol's ability to prolong the deactivation of
GABAARs (EC50 =11.8 £ 4.6 M, Figure 2.6D-E).

Of the 12.95 hours of recording, the operator interacted with the patchggRgafor
2.49 hours and the patcherBgimacollected experimental recordings for 9.07 hours, with
an additional 1.39 hours of other automated processing (Table 2.4). The 2.49 hours of op-

erator interaction includes cell selection, solution maintenance, electrode placement on the
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cell, and gigaseal formation. In each iteration of the patcheBgtprocess, it spent 1.99
minutes cleaning the electrode and the operator spent 2-3 minutes placing the electrode
on the cell and establishing the whole-cell conformation. If everything was successful,
the patcherBet, mawould then proceed to collect the experimental data — in total a 24.6
minute process. If there was an issue with the stability of the patch during the process of
pulling the outside-out patch (1.73 min process), the patchggBatwould clean the elec-
trode and be ready for the next attempt in less than 2 minutes. Although the experiment
yield was not overly high (24/42 attempts were successful) this did not greatly hinder the
performance of the patcherBgima(Table 2.6). If every patch attempt was successful, the
theoretical maximum number of experiments the patchefBetcould have performed in
12.95 hours was 25.8, which is only modestly higher than the 18 that we were successfully
performed (70% full experiments performed divided by the maximum). Moreover, the
rate of data collection, in terms of operator effort, was 2.1 minutes per data point. Should
patching ef ciency be improved further, the theoretical minimum of operator effort can be

reduced to 0.97 minutes per data point.

2.4 Discussion

Patch-clamp electrophysiology research is a powerful technique, yet even for skilled prac-
titioners, the complexity and effort required for comprehensive pharmacology experiments
(pharmacological screening or evaluation of full concentration-response relationships) can
be impractical. Here, we have demonstrated the capabilities of the patchgrRdor
ligand-gated ionotropic receptor pharmacological screening, which makes patch-clamp
electrophysiology experimentation rapid, less skill intensive, and more reliable. The au-
tomation of the patcherBgi,ma Namely precise and accurate electrode translations, solu-
tion handling, electrode cleaning, and rapid solution exchange greatly expands the reper-
toire of experiments that the patcherBot can perform. This allows one to conduct nearly

any pharmacological experiment typically performed on ligand-gated or voltage-gated ion

25



channels using the patcherBgima(e.g. Figure 2.7 and Figure 2.8). Additionally, the
patcherBatharmahas the exibility to be retooled as needed based off a traditional patch-
clamp rig and can run autonomously or with minimal operator intervention to suit the ex-
perimental situation. Thus, the patcherBgt..could be set up to patch adherent cells and
applied compounds via the bath input, if desired, and the full automated capabilities of the
system will be retained if all test compounds can be fully washed out.

The patcherBatamahas very high yield (80-100%) of obtaining giga-ohm resistance
patches and of breaking-in to achieve the whole-cell patch conformation. The methods
we have employed to lift isolated patch-clamped cells and to pull outside-out patches are
highly reliable (70-90% yield). These capabilities allow the patchesRaf:to spend more
time performing the intended electrophysiology experiment and less time in the process
of manually guiding the position of the patch electrode throughout the course of the full
experiment. With this improved system, the primary determinants for whether a particular
experimental attempt concludes in a successful recording, relies more on biological factors
than robotic or operator factors. In our experiments with heterologous expression systems
(namely transfected HEK cells), the yield in high quality recordings, with high receptor
expression, of the patcherBgimareaches 60-70% of the cells attempted. With this high
ef ciency of data collection, we could rapidly replicate previous datasets by reducing the
time it takes to produce an 8-point concentration response curve of the effects of propofol
on GABA4 R deactivation from weeks/months of recording down to 13 hours of recording.

This system retains the full capabilities of a traditional electrophysiology rigs. We
observed solution exchange times, with our larger three-barreled manifold, in the low mil-
lisecond range (1-2 ms), which could be reduced further{ ms) using different so-
lution manifolds ([61, 62]). This allows for accurate experimentation and can be used
to study rapidly desensitizing receptors, which cannot be measured on commercially avail-
able multi-well high-throughput patch-clamp instrumentation. The patchgrBgisystem

largely comprises typical components of a conventional electrophysiology rig (Table 2.2),
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and thus does not require a substantial or prohibitive cost to upgrade. Running costs are
low, comparable to the cost of operating a traditional patch-clamp rig, and primarily in-
clude the cost of the preparation (cell culture costs) and compounds being evaluated. There
are no additional changes in running costs based on each data point collected, except for
reduced glass consumption and perhaps reduced preparation costs that come with more ef-
cientrecording. However, as the patcherBg@tma.can be in operation for extended periods

of time and can execute experiments at a high rate, the running costs based on each day of
operation may, in fact, be higher due to the increased bath solution usage and increased use
of pharmacological compounds.

There are several improvements to the patchesBatthat could further increase its
capabilities and productivity. Enhanced machine vision correction methods could allow
for more precise placement of the electrode with less computation time thus increasing the
unattended success rate and reducing human effort. Algorithms for cell detection could be
employed to make cell selection agnostic, with further reduction in human effort and bias
[65]. Repeatable collection of data will aid in meta-analysis of experiments, which could
identify unrecognized factors that in uence experimental results or experimental variabil-
ity.

The patcherBahamafacilitates pharmacological experimentation on ligand gated chan-
nels through increased productivity and the ability to address labor-intensive questions (col-
lecting multiple concentration data points or testing more constructs). This allows more
complex experimental protocols that include increased number of replicates and more con-
trols. Many neuroscience studies have been cited as having low power in their experimen-
tal design [66], which could be recti ed by utilizing the patcherBgin. Additionally,
the patcherBet,mareduces the chance of human bias when collecting data, as the exper-
iment protocols are explicitly de ned prior to experiment execution. Moreover, methods
to introduce blinding in the experimental design could be employed along with automated

analysis to allow one to easily jump to the nal analyzed data point after conducting the
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experiment. The data collected by the patchegBat.might be more reproducible due

to enhanced transparency, as the full patchesBaiexperiment data log could be doc-
umented along with the results [67]. With the reduction in human effort that comes with
operating the patcherBgt,ma it becomes feasible that a single person could operate multi-
ple patcherBaiamaat once for increased data collection. In summary, the patchgrBeat
enhances the capabilities of a researcher utilizing patch-clamp approaches by decreasing
operator interaction time, reducing human bias, increasing experiment yield, allowing more
complicated experimental design, and enabling experiments that require high volumes of

recordings.

2.5 Additional Pharmacology Experimentation

Table 2.1: GS, gigaseal. WC, whole cell. O-O, outside-out. Success percentage is cal-
culated for each step (i.e. WC success is calculated based on the number of GS counts),
except for the overall exp. success. An attempt is deemed a successful experiment if the
full experiment set was collected, in a few instances the patch was pulled, deemed to be
successful but failed during the experiment data collection.
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Figure 2.3: Repeatability of the physical manipulations require for fast-solution exchange
electrophysiological experiments. (A) Image of the recording chamber. (B) Cartoon il-
lustrating the large distances (e.g. X-Y mm scale) the electrode must translate during
experimentation. (C) Open-tip solution exchange times, using piezo-electric translator,
across many repeated experimental cycles (cell locations, solution manifold interface,
cleaning/wash bath). (D-F) Cell lifting procedure. (D) Image of an isolated cell in the
whole-cell conformation before lifting (isolated cell are more reliably lifted than those with
cellular processes to adjacent cells). (E) Spiral path (100 discrete segments) employed to
lift isolated cells. (F) Resulting resistance plot showing a high resistance seal is robustly
maintained during the lifting process. (G-I) Patch pulling procedure. (G) Image of a cell in
the whole-cell conformation before pulling an Outside-out (O-O) patch. (H) Arc path (100
discrete segments) employed to pull outside-out patches. (I) Resulting capacitance and
resistance plots showing successful high-resistance, low-capacitance outside-out patches.
We speculate the low resistance prior to pulling the outside-out patches is due to electrical
connections due to gap-junctions between multiple cultured cells in physical contact with
one another.
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Figure 2.4: Exemplary fast-solution exchange electrophysiological experimental results.
(A) NMDA AR responses from transiently transfected HEK cells stimulated by 100 M glu-
tamate and 30 M glycine. Recordings are from a lifted whole cell (left) and an outside-out
patch using a 4 M electrode (right), at -60 mV in 0 mM Mg2+. (B) GABAresponses
from stably transfected HEK cells (122L) stimulated by 1 mM Gamma-Aminobutyric acid
(GABA). Recordings are from a lifted whole cell (left, 1 s application) and an outside-out
patch (right, 5 ms application)
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Figure 2.5: (A) Timeline of experimental progress. The time periods of operator interaction
with the patcherBotPharma and recording duration are highlighted, along with recording
outcome. (B) GABAR responses (1 mM GABA, 1 s application) from all successful
outside-out patches pulled. Scale bars indicate 20 pA and 0.5 s. (C) Post-experiment open-
tip position validation utilizing a 50% H20/50% wash solution. Scale bars indicate 200 pA
and 20 ms. The average (= SD [Range]) 20-80 rise and fall times for piezoelectric jumps
were 3.06 + 0.78 [1.30 4.11] and 3.56 £ 0.32 [2.27 6.55].
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Figure 2.6: GAB R propofol deactivation time-constant concentration response case study;
the patcherBatamahas the capability to collect pharmacological data at an accelerated
rate. (A) A owchart illustrating the patcherBgt.maOperation, timing, and success rate of
individual steps. The manual (white boxes) and automated (grey boxes) steps are indicated.
(B) A more detailed depiction of the manual steps is shown. (C) A more detailed look at
the experimental protocol step of the patchefBgtaprocess. In this case, there were

6 sets of solutions that would be used during each experiment (2 control and 4 propofol
solution sets, detailed on the left). Each phase of each experiment would start with the
valves changing to the next set to be tested, with a wait step to allow for the solutions to be
primed, followed by the collection of 10 replicates of the intended jump protocol (right).
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Figure 2.7: Solution exchange protocols programmed into the patchgsBgtan utilize
either movement of the piezo-mounted manifold, or movement of the manipulator holding
the pipette. (A-C) A piezoelectric translator is controlled by a Itered voltage pulse signal,
in either individual pulses (A), paired pulses with an optional increasing delay (B), or a train
of applications with variable pulse width and period (C). (D) A slow solution exchange
experiment can be performed where the solution valve is switched at a speci ¢ time during
the experiment to record the slow transition of the application of a second solution. (E) The
smooth motion from the electrode manipulator can be used to perform a similar solution
application to (A), but with a broader range of motion allowing multiple barrels to be used.
(F) Any number of manipulator transitions can be combined to produce complex solution
applications.
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Figure 2.8: (A) Typical bright- eld image of DIV14 cortical neuron during a recording.

(B) An exemplary current-clamp gap-free recordingddion = 0 pA), showing sponta-

neous network activity, bursting, and the resting membrane potential (-74 mV). (C-D) A
current-pulse protocol and a current-ramp protocol, illustrating the amount of injected cur-
rent is required to induce an action potential. (E) An exemplary voltage-clamp gap-free
recording (Vholding = -60 mV), showing spontaneous network activity and even puta-
tive spontaneous events (pink staffs). (F) Two-part voltage-pulse protocols can elucidate
voltage-gated channel responses. (G) Voltage-ramp and -step protocols can also be applied
to measure membrane properties.
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Table 2.2: The typical components required for a patch-clamp rig that can perform rapid
solution exchange experiments are shown in the traditional electrophysiology rig column
and compared to the patcherBg@tma For the traditional electrophysiology rig other com-
ponents are available and could result in a lower total cost. Many of the listed prices are
guoted from www.autom8.com, direct prices from the manufacturers may be less. t The
patcherBatnamadoes not require any speci ¢ types of this component. ¥ Suggested Mini-
mum Requirements: 32 GB RAM, i7-8700K CPU @3.70GHz, Additional GPU
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Table 2.3: Summary of activation and deactivation parameters of GABAAR and NMDARs
from Figure 2.4 and Figure 2.5.

Table 2.4: T The non-recording time is the time the robot is not performing the data collec-
tion protocol. 1 This rate represents the total time the operator spent interacting with the
patcherBathamaduring the entire experiment performance (cell selection, solution mainte-
nance, electrode placement on the cell, and gigaseal formation). The theoretical maximal
ef ciency of data collection per the operator's effort would be 0.97 mins of the operator's
time per data point. Each data collection phase equals the solution change time plus the data
collection time, however the mean time per data point re ects the additional time needed to
pull the patch and validate the jump at the end of the experiment averaged into the timing
for each phase.
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Table 2.5: Concentration response of propofol (PRO) on GABAAR activation and deacti-
vation.
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