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Schematic showing the function of the first pipette holder prototype.
(a) The assembled design. (b) Labeled cross section of the holder. In
(c) the linear actuator lowers the magnets and mating taper, inserting
the silver wire and compressing the collet. The magnets exert a force on
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electrical contact maintains an electrical connection with the amplifier
as the wire is threaded. (d) Shows a common wire buckling failure.
Because the total threaded length of the wire is under compression
(0), it buckles easily even with the minor friction forces at the wire
guide. The holder must be completely disassembled to straighten the
crushed wire. (e) Shows the sharp edges on the pipette getting caught
on the wall of the collet and on the silicone seal (f) during insertion.
These prevent the pipette from seating completely against the wire
guide. (f) Shows also shows the silver wire buckling and failing to
thread if the pipette is not inserted completely, another catastrophic
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(a) Overview of the main components. (b) Detailed schematic showing
the pipette collet, with a pipette already inserted, being inserted into
the pipette holder and retained by the collet retention magnets. (c)
After the collet is inserted, the wire threading magnets are lowered
using the linear actuator to exert a force on the ferromagnetic bead,
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from a long wire compression distance (J) that reduces reliability. The
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ing tolerances (£6.5 pm) to achieve a pipette tip position repeatability
of £100 pm which proved insufficient. This design did record from
many neurons although the duration and quality were poor. . . . . .

(a) A front view of the automated pipette holder attached to the record-
ing headstage. (b) A side view of the holder showing the major com-
ponents. First, a pipette is inserted into the v-groove and the clamp
is partially closed by the servo motor. This aligns the pipette with the
o-ring before insertion. The pipette is then inserted 4 mm into the o-
ring using the programmable motor until it touches the hard stop. At
this point, the v-groove clamp closes completely, physically restraining
the pipette and providing precise pipette tip placement (c). Finally,
the roller wheels in the threading mechanism are turned by the step-
per motor and drive the wire down into the pipette until a solder ball
on the end of the wire connects with the brass contact and the wire is
fully threaded (d). The v-groove clamp is attached below the threading
mechanism but is omitted for clarity in (¢) and (d). . . . . . ... ..

xiil

42

45

48



12

13

14

15

16

Drawing of a typical craniotomy. The blue dashed circle represents a
60 pm diameter target region. Inserting pipettes into bone or bone
chips causes tip breakage and tissue damage. Inserting through the
dura causes pipette clogging. Insertion through blood vessels also clogs
pipettes and causes bleeding. . . . . . ... ..o

Photograph of optical measurement system measuring both the diam-
eter and tip position of the pipette in the X and Y directions. The
schematic on the right shows two cameras imaging the pipette to ob-
tain the position in the Y direction. The other two cameras for the X
direction are omitted from the schematic for clarity. . . . . . . . . ..

Microscope images of (a) the walls of the pipette and (c) the tip of the
pipette. (b) Shows the processed image of the pipette walls performed
using Canny edge detection and linear regression on the outermost
white pixels to identify the outer edges of the pipette. (d) Shows the
processed image of the pipette tip to identify the edges of the taper.
The tip was located by finding the white pixels with the lowest row
number (Y position in the frame) and taking the midpoint between the
two best fit lines on the tapers at that row of pixels. This gives the X
position of the tip in the frame. . . . . . . . . .. ... ... ...

Schematic showing the variables used to calculate the distance between
the axis of the pipette walls and the tip of the pipette. Measuring
the pipette axis in (a) corrects for lateral and angular misalignment
between cameras. A pipette is first placed in view of both cameras such
that the walls of the capillary are visible in both cameras. The center
axis of the capillary is found in both images from simultaneous image
capture and subsequent image processing. This defines the reference
axis in both images. All subsequent images measure the position of the
pipette axis and corrects for any errors caused by variation in pipette
position. Using the calibration angles and positions, the tip position
relative to the pipette axis can be calculated. . . . . . . . . .. .. ..

Plot showing the measured X and Y positions of the tips of the pipettes
relative to the axis of the capillary. This error is caused by manufac-
turing variation in the pipette puller. 20 is approximately 4% of the
total diameter of the pipette. . . . . . . . . .. .. ... ... .. ..
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(a)-(f) Show the fabrication steps required to make the pipette collets.
Between steps (c) and (d), the collet is removed from the vise and
reinserted upside down. This step can introduce 12 pm of error, €,
between the axis aligned with the taper (green) and the axis aligned
with the o-ring gland on the reverse side (red). ¢; is the potential
error due to manufacturing variation in the milling machine. €3 is the
combined total position error of the pipette tip relative to the axis of
the taper. This error is a projection based on the angular misalignment
between the two o-rings and the axis of the taper. . . . . . . . . . ..

Plot showing the measured X and Y positions of the walls of the pipette
between pipette insertions. Between each measurement, the pipette
collet was removed from the holder, a new pipette and collet inserted,
and another position measurement was made. The collets were not
rotated during the exchange and were inserted in an random order
fashion; the same collet was never removed and then immediately re-
placed. There are systematic errors from manufacturing processes in
the collets as well as random errors from insertion into the tapered

feature. The dashed circle represents the 200 pm diameter craniotomy

Schematic of the v-groove pipette constraint. The clamp is closed by
torsional springs (not shown) and opened by a cam mounted on the
shaft of a servo motor (see Figure 7). . . . . .. ... ... ... ...

Plot showing the higher precision of the v-groove pipette holder. These
measurements were taken with respect to the walls of the pipette. The
200 pm diameter circle represents the size of the craniotomy and the
60 pm diameter circle represents the size of the target region. . . . . .

Plot of the creep of the pipette over time after inserting it into the
v-groove clamp after the clamp had been left in the open position for
several days (orange). The blue plot replicates the conditions during
a typical pipette change. The drift was measured in the X and Y
directions since these will be the most affected by creep due to Abbe
error. The creep in the Z direction should be negligible. . . . . . . . .

Rendering of the pipette length measurement system and the image
processing steps to measure the length of the pipette. The extreme
end points (high or low) of the red lines in the edge detection im-
ages are considered the “end” of the pipette in the measurement. The
line transform makes the measurement more robust by requiring linear
structure in the pixels to be considered part of the pipette. A white
backdrop was used to enhance the contrast in the images against the
black edges of the pipette. The robot arm in Section 3.7 inserts and
retrieves the pipette from the compliant clips. . . . . . . .. ... ..
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Pipette handling robot with two rotational degrees of freedom. Left:
top view of the working area (grey) of the robot arm. Right: rendering
of the robot arm. . . . . . . .. . ... ... 69

(a) Dotted line is the path drawn for the end effector to follow. (b)
Shows the two configurations of the robot arm for a given end effec-
tor location. (c) Reverse displacement calculations that transform the
Cartesian points in (a) into angular positions for the robot arm controller. 71

Figure showing the main moving components of the pipette filler. The
cooling block surrounding the reservoir of the microfil, Peltier element,
heatsink, fan, and pipette retaining clip are not shown for clarity. . . 75
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Schematic of the fluid dynamics within the microfil. (a) Shows the
variables used to calculate the speed of the air-fluid interface. (b)
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(a) Shows the position of the fluid-air interface within the capillary as a
function of time under a constant aspiration pressure. At 1.73 seconds,
all the fluid has been aspirated out of the capillary and air can move
freely through, resulting in a much higher flow rate. (b) Shows the
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negative pressure to the microfil for a fixed duration. The variability
is due to variation in the volume of fluid in the drops on the tip of the
microfil that remain after filling a pipette. The red line shows the ideal
aspiration volume using the fixed duration method. . . . . . . .. .. 81
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entering the back of the pipette, the compliant clip holds and centers
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Pressure measurements at various locations in the pneumatic system.
The pressure in the pipette was measured at the end of a capillary
inserted into the pipette holder. (a) The locations in the system where
the pressures were measured in (b) and (c). (b) Pressure dynamics
when the pressure control system is switched to -326 mBar for break-in.
(c) Pressure dynamics when the system is switched back to atmospheric
PIESSULE. . . o v v v i i e e e

Summary of the automated pipette inspection system. It accurately
measures the diameter of the pipette tip and taper angle to quantify
the quality of a pipette. (a) A CAD rendering of the microscope,
camera, light source, and three-axis manipulator. It also shows the
kinematic fixture to position the tip of the pipette near the field of view
of the microscope. (b) Microscope images of the pipette tip through
various stages of processing. The image is acquired, cropped to the
region of interest, averaged to reduce noise, processed using Canny
edge detection, and processed using the Hough line transforms to find
the edges of the pipette. The tip of the pipette in the vertical direction
is found by locating the largest drop in the brightness along the mid-line
of the (bi). The diameter is measured at this location. (¢) Comparison
between the automated inspection system and measurements taken
using a scanning electron microscope. . . . . . .. ...

(a) Shows the first iteration of the autopatcher software architecture.
The code was somewhat subdivided and there existed some hardware
encapsulation. (b) The second version of the software with well-defined
states, clear transitions, and fully isolated and interchangeable hard-
ware blocks [70]. (c) The final architecture for the fully-automated
system. It allows control of the order of state execution from a list,
allows parallel processing, and maintains a procedural programming
style while combining the performance improvements of multitasking
and an event-driven architecture. . . . . . . ... .. ...

(a) Shows the effect of gigaseal resistance on recording duration. (b)
Shows the lack of an effect from the rate of gigasealing on the recording
duration for cells that form a seal within 100 seconds. . . . . . . . ..

Plot showing the effects of over and undercompensating for the bridge
balance. The red dots denote the samples that are compared during the
on-line bridge balance adjustment to measure the degree of additional
adjustment needed. The driving square wave is 150 Hz, 500 pA peak-
to-peak, and the red dots are 150 ps to either side of the square wave
transition. . . . . .. L L L
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(a) Dimensioned drawing and (b) photograph of the headplate that is
surgically implanted on the skull of the mouse. The Y shaped tabs are
held in clamps to provide mechanical stability during the experiment.
(c) Ilustrates the locations where the dental cement should be applied
(white fillets). Lambda and bregma are also labeled inside the 11.5 mm
opening in the headplate (L and B). The headplate design and surgical
technique were developed by the Allen Institute for Brain Science. . .

Photomicrographs of patch pipettes, focusing on the pipette tip. (ai)
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Histograms of common quality metrics for the final recordings acquired
by the robot. A total of 39 recordings were obtained in 21 experiments.
The holding current is the amount of current required to hold the cell
at -65 mV. The spike amplitude is measured as the spike peak voltage
minus the spike threshold. . . . . . . ... ... ...

Plot showing increasing recording durations over time as the pipette
geometry was improved and surgical technique was optimized. The
cells recorded during the final six experiments had significantly longer
recording times and are more consistent with other reports of average
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SUMMARY

Our ability to probe the immense complexity of the brain, with its approximately
80 billion neurons, is currently limited by the available tools to record and modulate
neural activity within intact, functioning, neural circuits. We have yet to develop a
complete catalog of all the types of neurons and their basic functions, and to identify
the root causes of most nervous system disorders. To achieve a full understanding
of the fundamental principles behind brain function, new tools must be developed to
increase scale, resolution, and efficiency of neural recording.

Here we show the development of robotics tools to investigate the unique behav-
iors of cell types in layer 5 of the visual cortex of mice and transform the highly
manual art of obtaining patch-clamp electrophysiological recordings in vivo into a
systematic, automated procedure. The patch clamp technique is the current gold
standard for recording the intracellular electrical activity of individual cells and has
the highest resolution and specificity of any other technique. However, the manual
methods used to control the position, pressure, and voltage of the glass recording
pipette severely limit the throughput and the ability to perform multiple simultane-
ous recordings in vivo. This work shows the development of automation systems to
precisely and repeatably prepare the recording pipette, position it in the brain, estab-
lish the recording, and conduct an entire electrophysiological experiment all without
requiring the presence of a human operator. The robot has autonomously obtained
multiple, consecutive recordings in vivo with the same quality and throughput as

a highly-skilled human operator. Robotic hardware and software algorithms enable

xxi



parallel scaling for increased throughput, systematic operation, and rapid dissemi-
nation of challenging techniques. These tools will increase our capacity to rapidly
identify new cell-type classification schemes across entire brain regions and discover

the in vivo function and dysfunction of cells within the nervous system.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The human brain contains over 80 billion neurons and 150 trillion synapses that
together orchestrate our ability to think and sense the external world, form the basis of
memory and consciousness, and are affected by a host of neurological and psychiatric
disorders. Critical to increasing our understanding of the function and dysfunction
of these cells are the technology and instrumentation we use to explore the anatomy;,
signal processing, and molecular biology of the living brain.

Since the discovery of electrically active cells by Luigi Galvani in 1791, scientists
have used a wide array of equipment to understand the mystery of biological signal
transmission and processing [118]. Galvani applied charges to exposed nerves using
simple wiring and an “electric machine” eliciting muscle contractions in frogs. Gal-
vani was one of the first electrophysiologists, someone who uses electrical engineering
principles and systems to study the physiology of the nervous system. The modern
equivalent of Galvani’s experiments is the BackyardBrains project that has developed
the hardware to allow non-scientists to wirelessly steer a cockroach by stimulating the
nerves of its antennae to redirect its motion. The study of electrophysiology has led
to groundbreaking advancements in medicine, including the treatment of paralysis
from traumatic injury, determining the causes of neurodegenerative diseases, and
the discovery of fundamental mechanisms behind neural processing. This success
has spurred the development of new scientific tools and clinical treatments including
cochlear implants to treat hearing loss, deep brain stimulation electrodes for ad-

dressing the symptoms of Parkinson’s disease, implanted retinal electrode arrays to



treat blindness, pacemakers, and brain computer interfaces that allow quadriplegics
to control physical and virtual systems. An entirely new field of therapeutics has been
founded, electroceuticals, and will continue to have significant impact for individuals
with nervous system disorders. This field is supported by the knowledge and expe-
rience of scientists who, for over 200 years, have been making the critical discoveries
that allow engineers to design systems that target and compensate for nervous system
deficiencies.

The tools for basic scientific discovery that form the foundation of the therapeutic
work have also improved dramatically since Galvani’s first discoveries. Edgar Adrian
in 1926, used a capillary electrometer [3] as a custom amplifier to record some of
the first millivolt signals within the nervous system. Later the use of glass micro-
electrodes to study pyramidal cells in the cortex was pursued by Renshaw et. al.
[123] allowing the signals from individual neurons to be isolated from neighboring
cells. Throughout the history of neuroscience, we see the resourcefulness and ingenu-
ity of scientists as they apply emerging technology to solve major bioinstrumentation
challenges. This culture among neuroscientists has driven a technological revolution
in recent years where the development of molecular, imaging, electrical, and me-
chanical tools has enabled unprecedented control of experimental conditions and new
breakthrough recording and stimulation modalities [22, 53, 48, 4]. These technologies
enable scientists to stimulate neurons using ultra-precision microfabricated electrodes
[127], allows robotic manipulation of glass electrodes for single cell recordings [69],
enables heat-induced voltage control using magnetic fields [21], and even the ability
to control the voltage within cells using light [12, 53]. The same microfabricated
electrodes can be used to record from 500+ cells [128] while novel imaging modali-
ties can record from 200+ cells simultaneously in vivo, 1000+ in vitro [135, 38] in a
non-contact fashion.

Ultimately, the goal of deciphering the inner workings of the brain can only be



accomplished by developing new technologies that continue to increase the number
of neurons that can be recorded simultaneously to build a complete map of brain
activity (Brain Activity Map [5, 133]). Because of the highly parallel and highly
interconnected nature of the brain, where a single cell can have over 1000 connections,
it would be very difficult to reconstruct the function and role of an individual neuron
if only a subset of the network is being recorded. With the proper tools, analyzing the
brain could become as simple as using a logic analyzer to characterize the behavior of
common digital circuits, but we are still far from this goal. In 2013, President Barack
Obama enacted the Brain Initiative to fund the development of new tools that could
meet this goal of simultaneously recording from every neuron in the brain. “If [the]
exponential growth [Moore’s Law]| were to continue, future electrophysiologists would
be able to record from all of the approximately 100 billion neurons in the human
brain in 220 years” [133].

The usefulness of a complete map of neural activity cannot be overstated. In en-
gineering we commonly refer to the work of Newton, Navier-Stokes, Euler, Laplace,
Nyquist-Shannon, Ohm, and Maxwell who developed the fundamental equations and
laws used to predict the behavior physical systems. To date, we still do not have the
fundamental understanding of the physical laws that would enable us to predict the
behavior of neurons in networks of more than a few cells. Our lack of understanding
is one of the main limitations on our ability to design new treatments for addiction,
injury, and disease. Using the map, we will be able to distill down, isolate, and
accurately describe the laws that govern neural processing. With all the necessary
fundamental laws and simplifying assumptions, designing a neural therapeutic could
become as simple as it is to use the laws of thermodynamics to design an efficient air
conditioner. It will likely include a mix of deterministic laws such as the Hodgkin-
Huxley model as well as stochastic characterization to describe the variability within

biological systems. Engineering genetic algorithm optimization is one example of a



system that incorporates this variability as an essential part of its function, and the
same may hold true for neural activity. As we seek to understand the unchanging laws
in neural network processing and single-cell computation, perhaps it is also essential
to examine the variability and identify the laws that govern it [146]. In numerically
modeled networks, for example, injecting variability is an essential part of achieving
realistic behavior, but its role remains a mystery [2].

This aim of this thesis is to help scientists pursue the goals of recording from
every cell simultaneously, determining the governing laws of neural networks, and
developing new therapeutics, by discovering and implementing new automated tech-
niques that address the challenges of recording from single cells in living, functioning,
tissue. The following sections will first describe the patch clamp technique in detail,
which is the focus of the current work, and provide short descriptions of the extra-
cellular recording technique, voltage sensitive dyes, calcium indicators, and “sharps”

recordings to provide a comparison of their respective advantages and disadvantages.

1.2 Comparison of Single-Cell In Vivo Neural Recording
Techniques

1.2.1 The Patch Clamp Method

Invented by Nehr and Sakmann [126] in the 1980s, patch-clamp recording [47] quickly
became the gold standard technique for measuring transmembrane voltages and intra-
cellular currents in individual, electrically excitable cells such as neurons and cardiac
cells. Its popularity is due to its unique ability to resolve not only the high-amplitude
voltage spikes that occur during an action potential (AP), but also the minute millivolt
changes that occur during synaptic signal signaling between connected cells [98, 15].
The cell integrates these synaptic inputs and generates an AP if the voltage increases
above a certain threshold within the cell. The dynamics of these synaptic events, and
neuronal activity in general, are implicated in many neurological diseases [138] and

are studied extensively in brain slices [92] and in vivo [115]. It is also widely used for



basic research and for validating emerging methods for recording and stimulating cells
(12, 119, 10, 19]. Tt receives its name from the interaction between the tip of the glass
recording electrode and a small patch of cell membrane. It involves delicately resting
a 1 pm diameter pipette tip against the cell to create a tight mechanical connection
between the pipette tip and the cell membrane that also has high electrical isolation
from the surrounding environment (>1 Gf2). In this configuration, it is possible to
record the millivolt changes in voltage within a single neuron without environmental
interference or crosstalk. It also enables physical access to the intracellular space
to inject plasmids, dyes, voltage indicators, or to extract the intracellular contents,
such as mRNA transcripts, which enables multiple analyses to be performed on the
same cell [87, 122] critical for building descriptions of different cell types based on the
combined correlation of their electrophysiological, morphological, and transcriptional
properties.

The method to record intracellular voltages using patch clamping requires rup-
turing the patch of membrane covering the tip of the pipette after forming the 1 G2
seal with the cell membrane. This allows access to the intracellular space while main-
taining the seal between the membrane and the walls of the pipette (see whole-cell
in Figure 1). This is the whole-cell configuration which is one of the most commonly
used and will be the focus of this work. Other configurations such as inside-out or
outside-out patch allow measuring currents through the patch of membrane itself,
rather than from entire cell, to characterize the dynamics of a few or even individual
ion channels embedded in the cell membrane. With this technique, the dynamics of
individual ion channels can be isolated and studied [126, 47]. These configurations
are obtained by retracting the pipette from the cell after forming the seal and then
recording from the patch of membrane covering the tip of the pipette. Figure 1 shows

these other configurations in more detail.
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Whole-cell recordings are widely used in cultured HEK cells, neurons, and car-
diomyocytes, as well as in intact slices of neural tissue. The technique has also been
extended to record from cells in in vivo in anesthetized animals [80, 71, 83, 67], awake
head-fixed animals [100, 28, 111, 106, 143], and more recently, freely moving animals
[79, 80] with unmatched recording quality.

The exquisite specificity and resolution of the patch clamp technique is offset by
the difficulty and skill required to establish and maintain the recording, especially
i vivo. Most in vivo electrophysiologists spend years training to learn what is con-
sidered the art of in vivo patch clamp. Quality recordings require exquisite surgical
preparation, quality pipette microfabrication, precise biochemical preparation, man-
ual dexterity and visual acuity. The combination of these challenges, their manual
nature, and the inherent low yield limits the impact of this method in the field.
However, despite these challenges, the field continues to publish widely using this
technique. Until very recently, it was only possible to record from a single neuron in
viwo using this technique in contrast to the improvements in extracellular and imaging
methods that can now record from 100s of cells in vivo. The patch clamp recording
technique will need to overcome significant challenges in order to contribute to the
brain activity map at a level similar to the other methods. The primary limitation
is the dependence on a human operator to physically, pneumatically, and electrically
manipulate the glass recording pipette during an attempt. Secondary limitations that
restrict the theoretical maximum number of cells that could be recorded simultane-
ously are the physical interference between multiple pipettes inserted into the brain,
and the low success rate (20%). Up to 12 simultaneous recordings have been per-
formed in vitro where the success rates are much higher (>80%) and the recordings
are much more stable. This allows a human operator to serially manipulate each
pipette and establish the recording before the previous recordings fail. In wvivo, the

recording durations are shorter and happen less frequently due to tissue motion so a



parallel approach is essential. However, the mental and physical requirements placed
on a human operator prevents them from manipulating multiple pipettes simultane-
ously. Potentially, if the human were replaced by automated approaches, the only
limitations would be low yield, the physical constraints, and cost. Recent progress is
being made, however, to significantly reduce the cost of the amplifiers [48].

The process of obtaining a patch clamp recording begins by heating the center of
a 1.5 mm diameter glass capillary using a platinum filament and pulling the ends of
the capillary once the glass has softened causing the glass to neck down and separate
into two pipettes. The pipette has a 3 mm long taper and 1 pym diameter tip (more
details in Section 5.3.3). The pipette is then filled with fluid that is prepared so
that it matches the internal chemistry of the cell. The pipette is threaded into a
pipette holder and a silver wire is inserted inside the pipette and submerged into the
fluid to provide an electrical connection with the amplifier. The pipette holder also
forms a pneumatic seal with the pipette so that the pressure can be controlled which
controls fluid flow out of the tip of the pipette. The pipette is placed under high
positive pressure and positioned just above the surface brain that has been surgically
prepared (see Section 5.3.1). The pipette is then inserted into the brain to the depth
of interest, typically between 100 and 1500 pm. The high positive pressure ejects
a plume of fluid during this step that prevents debris from the extracellular space,
axons, dendrites, and glial cells, from contaminating the tip of the pipette. Once at
depth, the pressure is lowered to maintain the cleanliness of the tip but allows the
soma of the neuron to come in contact with the tip. The neuron hunting stage is then
begun where the pipette is lowered in small steps (2 pm) and the electrical impedance
of the tip of the pipette is closely monitored. This is measured by injecting a voltage
square wave (20 mV) through the tip and the current is measured. If the amplitude
of current passing through the pipette decreases more than 10-50%, this indicates

that the tip of the pipette is being blocked, often by a cell membrane. At this point,



the motion of the pipette is halted and the positive pressure is released which will
allow the membrane to make contact with the tip of the pipette and form the seal.
Once the seal reaches an electrical impedance >1 GS2, a brief pulse of suction causes
the patch of membrane covering the tip of the pipette to rupture and connecting the
inside of the pipette with the cytoplasm of the cell while maintaining contact between
the membrane and the pipette. At this point, current may be injected to stimulate
the cell, or currents passing through the membrane due to synaptic activity and APs
and be recorded with high fidelity.

While the above process is the ideal, the pipette can still be clogged by debris, it
may not find a cell in the region of interest, or fails to form a quality seal with the
membrane. Tissue motion can disrupt the process and can also damage the recording
even after successfully establishing. If the cell and pipette drift apart or too close
together, this can degrade the quality of the recording by increasing the resistance
between the fluid in the pipette and the cytoplasm, known as access resistance, or the
seal can be damaged allowing the currents within the cell to leak between the pipette
and the extracellular space, reducing the health of the cell and recording resolution.
In-vivo whole-cell recordings can be quite stable despite these challenges [100, 79],
but require significant effort to achieve and are still rare in literature compared to

other techniques.
1.2.2 Sharps Recordings

Sharps recordings are similar to patch clamp in that they also use a glass micropipette
although with a much smaller tip (70-200 nm, 10-500 MS2). Rather than forming
a seal with the membrane, the small tip is simply inserted into the cell and the
currents recorded directly. Sharps electrodes are simple to insert, allow multiple serial
insertions, and still allow molecular access to the cytoplasm. Cells can also have a

good survival rate when retracted [83] for morphological reconstruction. However,



without forming a seal between the membrane and the pipette, the health of the
cell quickly degrades due to a leak between the pipette and the membrane. This
significantly reduces the recording duration in vivo (<10 min) where tissue motion
easily disrupts the recording [34]. The resolution of sharps recordings is similar to
patch clamp but the access resistance due to a high pipette resistance and the reduced
isolation from the leak make it more difficult to obtain accurate measurements of the
membrane voltage and currents. When sharps electrodes are inserted into the cell the
spiking activity is largely unaffected by the additional leak currents but it does cause
drift in the resting membrane potential of the cell when compared to patch clamp
recordings [83]. This technique is optimal for preliminary studies in areas where it is
difficult to obtain patch recordings and when high-resolution spiking activity is the

feature of interest and single-cell morphological reconstructions are desired.
1.2.3 Extracellular Electrodes

Extracellular recordings involve inserting a sharp conductive object into the brain to
record currents in the extracellular space. Modern microfabrication techniques have
enabled scientists to record from hundreds of cells simultaneously by densely arranging
multiple recording sites on a single electrode, in sharp contrast to the single cell ability
of patch clamp electrodes [127]. Extracellular electrodes also have the advantage that
they are easily inserted into the brain, instead of the complicated failure-prone patch
clamp technique where attaching the electrode to the cell of interest is much more
difficult, particularly in vivo. However, due to the lack of the isolation between the
extracellular electrode and the cell, the amplitude of signals are in the microvolt range
and cannot resolve subthreshold activity. Sorting signals from neighboring recording
sites remains a major challenge when attempting to differentiate between signals from

individual or multiple cells [82].
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1.2.4 Voltage Sensitive Dyes

Scientists also employ high-speed fluorescence microscopy methods combined with
voltage sensitive dyes (VSD) to monitor intracellular voltage [19, 7]. While it has the
advantage of being non-contact method and can record from thousands of cells simul-
taneously, VSD recordings suffer from poor signal to noise when compared to patch
clamp recordings, particular at depths greater than 500 pm where optical scattering
and tissue motion in vivo reduce the resolution. Photobleaching and can also affects
the signal integrity and the indicators can be toxic to the cell. VSD indicators do effec-
tively transduce action potentials and subthreshold voltages [60, 119, 37, 16, 35, 117]

but with lower sensitivity.
1.2.5 Calcium Indicators

Calcium indicators, whether dyes or genetically encoded, suffer from the same optical
limitations of limited frame rate acquisition, light scattering, and photobleaching, as
VSDs but they can effectively transduce action potentials (calcium dyes [7], geneti-
cally encoded calcium indicators [14, 103, 108]). However, they are unable to resolve
subthreshold potentials. Calcium indicators also have poor temporal resolution be-
cause calcium influx is generally slower than the other ionic currents during an action
potential and indicators tend to report a filtered version of the true membrane voltage
[57, 22]. Combining VSDs and calcium indicators result in an effective complemen-
tary signal that can acquire both subthreshold and action potentials but still has
limited temporal resolution and sensitivity [10]. Due to the low temporal resolution
of imaging systems and the indicators themselves, scientists must also go to great
lengths to accurately reconstruct the spike timing profile and it remains a significant
challenge where highly accurate timing is critical such as in network mapping appli-
cations [46, 113]. Special care must be taken with calcium indicators to control for

differential expression between cells and can report different the proportions of active
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cells depending on the specific type of indicator used [22, 64].

1.3 Conclusion

Patch clamp recordings fill a unique role among the many single cell recording tech-
niques and remains the gold standard technique for high-resolution recordings in vivo.
The aim of this work is to address the challenges that limit its ability to contribute
to the brain activity map seeking to simultaneously record from all neurons in the
living brain. Towards this goal, we will investigate automation strategies to increase
the speed, efficiency, and reliability of the recordings by combining engineering preci-
sion with decades of manual experimental technique to transform what is considered
an art form, into a high-throughput, deterministic, robotic system. Ideally it would
operate with the precision and intelligence of the world’s best technicians combined
with the relentless pace and exacting repeatability of a machine. Here we show the
development and successful operation of such a system and demonstrate its utility
by, for the first time, performing multiple serial intracellular patch clamp recordings
in vivo without requiring any human interaction. This is a significant step in the
transformation of a highly manual and labor intensive technique into a set of robust

automated tools.
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CHAPTER 2

FUNCTIONAL REQUIREMENTS

This chapter will discuss the main functional requirements that must be considered
to address the challenges in the patch clamp method using an automated approach.
First, the scope of the automation will be motivated and defined, followed by a
discussion of the importance of reliability, yield, and recording quality. Each will
include brief descriptions of the final performance of the robot that will be discussed
in detail in later chapters. One of the key aspect of developing an automated patch
clamp system is translating the performance criteria defined by electrophysiologists
into design metrics and constraints. The yield, throughput, and quality of in vivo
patch clamp experiments are rarely discussed in literature and many labs have slightly
different standards of performance and quality, both of which lead to some ambiguity
about the criteria which must be clarified.

Another goal of this work is to quantify the methods used in manual experiments
to control the pressure on the pipette, position it in the brain, and make all the logical
decisions made by the experimenter at different stages in the experiment. This not
only enables the deterministic design of the automation hardware and algorithms,
but also enables the discovery of the correlations between hardware performance
criteria (e.g., pressure, precision) and in vivo performance (recording duration, access

resistance).

2.1 Automation

One of the main limitations of in vivo patch clamp recordings is the time and effort
required to obtain them. The three largest contributors are 1) training time, 2) low

yield, 3) and the required continuous physical presence of the experimenter for the 4
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- 6 hour experiments. All three of these limitations can be overcome by increasing
the level of automation in the experiment. By training the robot to perform the ex-
periment instead of a person, we can disseminate its intelligence digitally, instead of
personally and eliminate training time. Typically, 6-12 months of training are required
to learn to reliably perform in vivo patch clamp recordings. This limits adoption and
creates additional overhead when personnel changes occur. The original autopatcher
has already reduced the required training time to as little as 3 - 6 months and, more
importantly, has transformed what was normally a highly skilled manual technique
into a transferable software algorithm, permanently eliminating a portion of the re-
quired training time for new experimenters. A fully-automated system could furthe
reduce the training requirements and we estimate that with the system presented
here, that less than one month of training would be necessary to operate the robot.
This does not include training for customizing the robot for different experimental
protocols, but simply to learn to operate the robot in its current state.

This concept of automation was first developed by Kodandaramaiah et. al [69]
who were the first to translate the manual procedures for in vivo patch clamp record-
ings into a set of robust algorithms and automated pressure and motor control. It
automated the following steps in the experiment: pipette resistance check, regional
pipette localization, neuron hunting, and gigasealing with a partial development of
the break in step. The work presented here developing a fully-automated system is a
direct extension of the original autopatcher and assumes the reader is familiar with
those innovations [69]. In brief, the autopatcher is able to measure the resistance of
the pipette as it is inserted into the brain and detect the resistance increase from
making contact with the neuron and form the seal with the cell. The steps performed
by the original autopatcher, and the remaining seven steps in a complete patch clamp
trial, are shown in Figure 2. The fully-automated system presented here implements

the same algorithms as the original, in addition to several new algorithms, and the
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Figure 2: All the steps of a typical patch clamp experiment (i - xi). The grey
box delineates the steps automated by the original autopatcher (iv - vii). The fully-
automated system executes all of these steps (i - xi) and closes the loop (long green
arrow) to achieve autonomous serial recordings.
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reader is referred to that work for a full description. This thesis will focus on the
innovations beyond those in the original autopatcher that are required to complete
the loop (Figure 2 green arrow) and fully automate the experiment. This required
developing seven completely new hardware subsystems (pressure control, automa-
tion control, pipette handling, pipette storage, length measurement, pipette filling,
pipette holding) and includes software to automate the electrophysiological record-
ing by imbuing the robot with sufficient intelligence to make the logical decisions
and adjustments that normally require the training and experience of expert manual
experimenters.

One of the goals of automating the experiment is to increase throughput. One
metric to examine the efficiency of the process is by calculating the proportion of time
spent during an experiment spent recording from neurons versus the time required
to establish the recording. It requires approximately eight minutes to manually ac-
quire a whole-cell recording, including changing the pipette and performing neuron
hunting. It is slightly less for the fully-automated robot (five minutes) but because
typical recordings are generally 15 - 60 minutes, additional speed improvements in the
preparatory steps would seem not to have a large impact. However, when the yield is
low (20%), the time required to prepare each trial becomes a significant portion of the
experiment. Table 1 shows the proportion of time spent establishing the recording
versus recording given different recording lengths, yield, and trial timing. The effect
is especially noticeable when short recordings are performed.

Clearly, increasing yield and reducing the trial time would reduce the manual ef-
fort required and increase the efficiency, but controlling tissue pulsation, for example,
to improve yield is a very difficult problem and has eluded experimenters for many
years. We therefore pursued the possibility of completely eliminating the effort re-

quired of the experimenter by using a fully autonomous system. This would enable
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Table 1: Table showing the amount of time spent recording versus the trial time to
establish the whole-cell recording for various desired recording times, yield, and trial
times. Every minute saved during a trial leads to approximately a 5% increase in
recording time, assuming a 20% yield.

Manual Robot
Trial Time (min) 8 8 55 55 55
Yield 20%  20% 20% 20% 10%
Recording Time (min) 15 60 15 60 15

Proportion of time spent recording 27% 60% 35% 69% 21%

operating several robots in parallel, amplifying throughput and alleviating the bur-
den of managing a 4 - 6 hour experiment. This would completely offset the effects
of low yield on the time of the experimenter. One could envision an array of robots,
supplied with animals by a team of surgeons, gathering data autonomously without
requiring an expert physiologist to be present. This would represent a major shift in
the current paradigm for how patch clamp recordings are obtained. It would comple-
ment the current strategy of using manual experimentation to collect small data sets
in a flexible manner, with the ability to collect large standardized data sets obtained
by precise repeatable robots. This “big science” philosophy has been pioneered in
neuroscience by the Allen Institute for Brain Science, and is proving to be essential in
deciphering the immense complexity of the brain [81, 110, 1]. A fully-automated sys-
tem will also enable single-cell in vivo pharmacology and high-throughput recordings
from precious samples that are currently limited by staffing limitations. Increasing
automation will also have a profound effect on increasing repeatability and reducing
biases.

Because there are many different types of patch clamp experiments (cell attached,
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inside-out, whole-cell, two photon guided, in vivo, in vitro), and many diverse exper-
imental goals (sensory response characterization, morphological profiling, behavioral
response) it would be very difficult to build a robot that incorporates every possible
protocol. To limit the scope, we focused our efforts on developing a fully automating
the blind in vivo patch clamp robot and demonstrating the feasibility of a fully-
automated approach while characterizing the response of neurons in layer 5 of the
mouse visual cortex in response to visual stimuli. This will provide the structural
foundation that can be extended and adapted to other techniques.

The remaining tasks the robot must perform to completely remove the human

from the loop in a patch clamp experiment are:

e Pipette storage e Initial recording quality control
e Pipette handling e Amplifier tuning
e Pipette filling e Current injections

e Pipette holding e Begin & terminate sensory stimulus

e Wire threading e On-line quality control

e Accurate pipette tip positioning o Error handling

Pipett 1
e Determine the moment of break-in ¢ tipeite remova

e Break-in

These are in addition to those already implemented in the original autopatcher.
The robot in this work successfully performs all these tasks, hands free, and is capable
of performing 40 patch clamp attempts in 3.5 hours (5.3 min/trial), not including
time spent recording. It has performed the first in vivo serial patch clamp recordings

completely without human interaction with adequate yield and high recording quality.

2.2 Reliability

Patch clamp recordings are fraught with pitfalls in every step of the experimental

protocol. As a consequence, technicians are continuously troubleshooting surgical
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protocols, equipment malfunctions, pipette geometry, and optimizing their technique.
They must quickly identify problems through testing, experimentation, intuition and
experience. Many of the problems are also invisible or very difficult to measure and
can exhibit non-specific symptoms. In order to be willing to incorporate new hardware
into their methods, especially a complex automation system, users would have to have
near perfect confidence in its reliability, proven over many experiments to be sure
that it would not require additional troubleshooting and operational effort to use.
To garner that confidence, the robot must have a similar or lower error rate than a
human operator, particularly if the robot is to operate unattended. This requirement
has a dramatic effect on the design decisions and development of the robot. Because
all the tasks performed by the robot are sequential, the overall success rate is the
product of the success rates of each individual task. Consequently, to reach even an
acceptable overall success rate, each task must be executed flawlessly. This high level
of polish is somewhat unique in a research prototype, but is one of the main design
principles that is critical for a successful patch clamp robot. Early in the development
process we discovered that subsystems that functioned with <90% success rates were
inadequate once multiple systems were integrated in series. Subsystem success rates
>90% later proved sufficient for the purposes of this study.

Table 2 shows the reliability of the of two versions of the robot that successfully
obtained recordings and the result of the combinatorial probabilities. A skilled ex-
perimenter can manually perform these tasks very reliability after sufficient training
(estimate >95%). For experiments using the robot where 30 pipette insertions are
made and a success probability of 83.9% in these preparatory steps, there is a 99.4
% chance that at least one pipette will have an error according to the cumulative bi-
nomial probability. Even if the success probability was increased to 99.6%, then the
probability that at least one pipette will have an error is only reduced to 10%. Given

the variability in in vivo experimentation, we decided that the ability to recover from
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a failure would be more effective at improving reliability than trying to identify and
control the source of all possible errors. Most of the errors in these preparatory steps
can be identified during the pipette resistance check stage where a wire threading
failure and a pipette filling failure will give an infinite resistance, and a pipette tip
positioning error can be identified by a drop in resistance upon insertion if the tip is
broken by contact with bone or if the resistance increases when the pipette is clogged
by the dura or a blood vessel. The recovery process simply involves replacing the
pipette, which is one of the functional requirements discussed in Section 2.1. Using
this strategy, the system can recover from all but the pipette handling errors, which
can be reduced through proper robot calibration. The robot operation closely resem-
bles the error handling processes used when failures occur during manual experiments
but with higher throughput and repeatability. The robot on average has an error and
recovers for 29.2% of pipettes, including pipettes that are rejected because their re-
sistance is outside the usable resistance range (18%). The errors from filling, wire
threading, and bad pipette resistances are not included in the yield calculations in
Section 2.3.

The error rate from positioning the pipette tip in the craniotomy is one of the more
critical aspects of the fully-automated system. The craniotomies prepared for version
one of the robot were approximately 500 pm in diameter as compared to 250 pm for
version two. This larger size reduced the probability that the pipette tip would come
in contact with bone and break, leading to a higher positioning success rate, but when
version one is used with 250 pm diameter craniotomies, the success rate is significantly
lower (~ 50%). The measured success rate for version two (92.9%) requires much
higher positioning precision and will be an essential requirement for any automated
in vivo patch clamp system. This precision significantly reduces pipette breakage,
clogging, and bleeding. Also, a smaller craniotomy size increases the stability of the

recording as observed by expert experimenters and by those incorporating additional

20



Table 2: Reliability measurements of the two versions of the fully-automated robot
shown in Figures 5 and 7. A skilled experimenter can manually perform these tasks
with >99% reliability after sufficient training. *estimate. **craniotomies were ap-
proximately 500 pm in diameter so the positioning error would rarely cause the pipette
to break. The craniotomies for V2 were approximately 250 pm in diameter to increase
the recording stability which resulted in higher breakage rate despite the increase in
positioning precision.

Robot Verl Robot Ver2

(Figure 5) (Figure 7)
Pipette Handling 99%* 98.8%
Wire Threading 96.3% 99.5%
Pipette Filling manual 94.4%
Positioning Pipette Tip 98.8%"" 90.4%
Total 94.2% 83.9%

automation [30, 28]. The quantification and successful implementation of a design
that meets this functional requirement is one of the major contributions of this work.
It is discussed in detail in Section 3.5.

Occasionally, other errors occur that require human intervention such as bleeding
in the craniotomy or the need to refresh the ACSF on the surface of the brain.
These and other exceptional events could be handled automatically, but the cost and
complexity should be carefully considered in each case before attempting automation
especially if the error only requires momentary attention or when the automation

task would be prohibitively challenging.

2.3 Yield

The yield of the robot is crucial for efficiency reasons (less time spent changing pipettes
from failed attempts) and for achieving quality recordings. For every pipette that is
inserted into the brain, there is a probability that it will find and record from a

neuron. If this probability, or yield, is low, then more penetrations will be made into
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Table 3: Comparison of yield percentages at each stage of autopatching. The overall
yield of manual patch clamp recordings averages around 20%. (* unknown data, tip
positioning performed manually)

Unbroken Not Detected Gieaseal Whole- Total
Pipettes Clogged Cell '8 Cell
Original
Autopatcher * 81% 93% 51% 82% 32.9%
[69] (24/73)
Fully- 0.9%
Automated 90.4% 66% 95% 26% 68% o
Robot (30/303)

the brain, causing tissue damage, bleeding, and swelling which can affect recording
quality. In some cases, such as for biocytin staining or GFP plasmid transfection
for morphological reconstruction, only a single penetration is attempted so that the
tissue is pristine for high-quality reconstructions.

The fully-automated robot has an average probability of obtaining a whole-cell
recording in 9.9% (30/303) of trials compared to 20% [100] and 28.8% (17/59) from
previous reports of manual experiments, and 32.9% (24/73) from the original au-
topatcher robot [69]. The yield was calculated from experiments where at least one
whole-cell recordings was obtained, eliminating experiments that failed due to poor
surgical preparation or non-optimal pipette geometry [100, 30]. This yield does in-
clude, however, all of the user and hardware errors that occur during a typical ex-
periment using the fully-automated system and is therefore a realistic measure of the
actual practical yield.

The yield in manual experiments often varies within one laboratory and between
different laboratories (10 - 50%) [100, 69, 71] and is very operator dependent. For
comparison, the average yield of the original autopatcher in our hands is between
15 - 20% versus the original 32.9%. These overall yields can be broken down into

multiple individual failure rates measured at each step of the experiment (shown in
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Table 3). In the fully-automated robot we see higher rates of broken pipettes and
clogging, and a lower rate of successful gigasealing resulting an overall lower yield
(Fisher’'s Exact test p<0.05). The increased pipette breakage and clogging is likely
due to the variability in the placement of the pipette tip within a very small 200-300
nm craniotomy (see Section 3.3). A larger craniotomy would reduce the number of
broken and clogged pipettes. It can also be a function of surgical quality. Damaged
tissue, blood clots, and bleeding increase the incidence of clogged pipettes.

The low gigaseal rate is the most common failure mode for any patch clamp ex-
periment and is typically attributed to problems with pipette geometry or surgical
quality which could easily explain the difference observed here. Other possible causes
include mechanical vibration, drift, or tissue motion. During a series of experiments
using only the automated pipette holder where pipettes were filled and inserted man-
ually, we observed at 29% whole-cell yield, comparable to the original autopatcher,
indicating that the addition of the robot arm, pipette filler, and storage carousel may
be the source of the reduced gigaseal rate. In future work, it would be important
to test whether the pipette filler introduces contamination or whether storing the
pipettes in open air contributes to this lower yield. This could be tested by inserting
freshly pulled pipettes into the storage carousel just before use and compare that
yield with pipettes that have been stored over several hours. Overall we see that the
robot is approaching the yield of manual experimentation and note that because the
system is fully automated, the per pipette yield becomes less of a priority due to the
significant reduction in effort required to obtain the recordings.

Additional improvements to the hardware and algorithms, as well as improvements
in pipette geometry and surgical technique [70] will likely continue to increase this
yield. For example, if the design of pipette positioning system was improved to
be more accurate it would reduce the number of clogged and broken pipettes would

increase the yield to approximately 13%. It is also likely that pipettes that are clogged
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during descent can go undetected and lead to gigaseal failures.

Despite the overall lower yield per pipette, the fully-automated robot was still able
to record, on average, from 2.5 cells per experiment (30 cells in 12 experiments) which
is similar to the throughput of manual patch clamp experiments and the original
autopatcher (2.9 cells per experiment, 47/16). Throughput is a challenge even in
manual experimentation and is one of the main reasons that n vivo patch clamp
recordings are not more widely used. In wvivo experiments also require larger data
sets to find significance due to spontaneous noise and variation, requiring additional
experimental effort. This is where automation is likely to have the largest impact
through parallelization.

Some scientists claim a 70% yield in vivo when performing manual experiments,
although these are the minority. This indicates that there are possibly additional
algorithms and hardware that could further enhance the performance of patch-clamp
robots. Although the autopatcher algorithm elegantly and simply captures a signif-
icant portion of the situations encountered by the robot in vivo, we may be able to
add additional tests (e.g., pipette checks) and algorithms that incorporate the ex-
pertise employed in these high yield experiments and account for every eventuality
during experimentation. Although this may increase the complexity of the robot,
these improvements over time can be refined quantitatively using a repeatable robot.
By incorporating the high yield techniques in software, they would also be easily

transferable in the community.

2.4 Recording Quality

Recording quality is perhaps an even more important performance metric than yield,
especially for a high-throughput robot where low yield can be overcome by speed.
Access resistance, pipette resistance, and seal resistance are all very important metrics

for obtaining high signal-to-noise ratio recordings and the resting membrane potential,
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membrane resistance, and action potential amplitude are all indications of the health
of the cell. Both of these factors must be of a certain quality for the recorded voltages
to be considered physiological and publishable. These thresholds are: 1) a resting
membrane voltage of the below -55 mV for most pyramidal neurons, 2) the peak of
the action potentials should overshoot 0 mV, 3) a holding current less than 4200
pA, and 4) an access resistance below 50 MQ [100, 30, 71]. Any significant drifts or
irreversible change in these metrics indicates an unstable recording. For experiments
investigating a behavior or sensory stimulus, stable recordings longer than 15 minutes
are generally necessary.

In vivo recordings are more difficult to establish and maintain because of tissue
motion caused by heartbeat and breathing which can disrupt the seal between the
membrane and the pipette. This often degrades the health of the cell and reduces
the resolution of the recording. The access resistance between the amplifier and the
cell may also increase over time if organelles or remnants of the ruptured membrane
block the tip of the pipette. This also reduces the resolution of the recording and
occurs much more often in vivo than in vitro. Acceptable access resistances in vivo
are below <50 M2 [71, 100, 30, 24, 29] and <15 M for in wvitro [135]. Others have
employed rapid position feedback control to follow the movement of the tissue with
the pipette actuator to increase the stability of the recordings [34].

The health of the cell and the access resistance can also be affected by the physical
stability of the pipette. In most electrophysiological systems, the actuators can posi-
tion the pipette with sub-micrometer resolution and are specifically designed to have
low drift (<1 pm/hr). This is essential to prevent the pipette from drifting into or
away from the cell causing stress in the membrane and on the seal with the pipette.
This stress can lead to blockages in the tip of the pipette and increase the access
resistance. The degree of physical stability in the system is also visible in the average

length of the recordings. We found that for the robot to acquire high-quality, stable,
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long duration recordings required less than 1 pm of drift. Section 5.4.1 discusses
the stability and quality of the recordings produced by the robot in more detail. To
summarize, the robot had an average recording duration of 19.8 minutes with record-
ings up to 110 minutes, similar to other reports, as well as similar resting membrane
voltages, holding currents, and significantly improved access resistance as compared
to the original autopatcher. These recordings were of sufficient duration and quality
to conduct experiments in layer 5 of the visual cortex in mice and characterize their

visual response.
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CHAPTER 3

FULLY-AUTOMATED PATCH-CLAMP ROBOT

3.1 Introduction

Here we describe the design and development of the fully-automated patch clamp
recording robot that is capable of performing 40 serial recording attempts in vivo
without any human interaction. It represents a major step in the transformation
of the manual “art” of patch clamping into a fully-automated informatic science
by removing the human from the loop and overcoming many of the critical design
challenges that have limited the adoption and impact of the patch clamp method over
the last 30 years. In this chapter, a short overview of the final design of the robot
will be followed by a discussion of the overall hardware architecture and the detailed
development of each subsystem will be shown.

Figure 3 shows a schematic view of the entire experimental setup including the
traditional electrophysiology equipment, mouse, and the new automation systems.

The pressure control system developed in this work is responsible for supplying
and controlling the four pressure states used in the original autopatcher algorithm,
replacing the syringes in the original system and enabling analog computer control
of each pressure. The automation controller was developed to control eight of the
nine motors in the system that allow pipette holding, wire threading, pipette filling,
pipette storage, and pipette manipulation. It also controls the Peltier cooling system
on the filling station that chills the fluid to be dispensed into the pipette. It also
controls the pneumatics and a custom syringe pump required to dispense the fluid.
It distributes the motor control and pneumatic control requirements across three em-

bedded microcontrollers that communicate with the master computer over a standard
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Figure 3: Overview of the patch clamp robotic hardware that performs fully-
automated in vivo serial patch clamp recordings. The pressure control system, au-
tomation controller, pipette robot arm, pipette storage system, pipette filling station,
pipette length measurement system, and automated pipette holder (light blue) were
developed in this work to enable full automation.
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serial communication protocol.

The master computer coordinates all of the various subsystems using a hybrid
event-driven state-machine software architecture to control the visual stimulation
during the recording, perform amplifier compensation, inject current into cells, re-
trieve pipettes from storage, fill pipettes, measure the length of the pipette, position
pipettes in the craniotomy, thread the silver wire, and perform all the steps of the
patch clamp experiment (e.g., neuron hunting, gigasealing) by controlling the pressure
control system, performing data acquisition, and moving the pipette programmati-
cally.

We developed several early prototypes to help identify the most significant chal-
lenges in the design. The patch pipette is highly sensitive to vibration, temperature
changes, electrical noise, and mechanical drift and these initial prototypes helped elu-
cidate the subtle interactions between the traditional patch clamp hardware and the

new robotic hardware and their relative impact on the performance.

3.2 Hardware Architecture

One of the first design decisions was to determine the correct arrangement of the
motors and subsystems to automate the remaining tasks in the experiment. The
tasks consist of several pick-and-place and threading operations, some requiring high
mechanical and pneumatic precision. Originally we pursued an integrated design
approach where all the functions would be tightly integrated to reduce the number of
degrees of freedom and make the system more compact. Figure 4 shows the cluttered
space immediately surrounding the mouse. After discovering several challenges in the
integrated design, we pursued a segregated approach allowing individual optimization
of each subsystem and reduced negative interactions. The overall architecture plays
a critical role in the success of the robot by dramatically affecting the performance,

flexibility, modularity, robustness, and development time. It also has a large impact on
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Figure 4: Photograph of a typical patch clamp recording station showing the tight
spacial constraints. Many experiments typically include additional equipment such
as a two-photon microscope, whisker stimulation hardware, or computer monitors to
deliver visual stimulation which requires that any additional automation hardware
must have a minimal footprint. A thin metal headplate, is surgically implanted and
cemented to the skull of the mouse and secured between the headplate clamps to
stabilize the skull during recordings.

the subsystems discussed in later sections which are heavily dependent on the pipette

handling strategy and require significant redesign when the architecture changes.
3.2.0.1 Integrated Approach

The first prototype of the robot was a fully-integrated system that could perform
fully-automated recordings combined all the necessary hardware onto the same optical
post as the patch clamp amplifier headstage and pipette (Figure 5). We hypothesized
that this integrated and compact design would be the simplest solution, requiring the
fewest number of motorized axis and meet the tight space constraints surrounding
the mouse. Figure 4 shows the density of the recording accessories that are typi-
cally present in the 100 mm space surrounding the head of the mouse. While this
architecture was able to record from many neurons, it lacked the positional precision

(see Section 3.3), mechanical stability necessary (see Section 5.4.1), and operational
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Figure 5: Rendering of the hardware architecture of the first version of the fully-
automated patch clamp robot. It is roughly based on the design of a CNC tool changer
using tapered collets to accurately position the pipette in the wire threader and for
positioning in the craniotomy. First, the horizontal actuator moves the amplifier
headstage and wire threader to the pipette storage magazine. Then, the vertical
actuator raises the magazine up to insert a pipette into the threader and the horizontal
motor returns to position the pipette above the mouse. The piezo motor lowers the
pipette into the brain and after the recording is complete, the cycle repeats. The
magazine rotates to the next pipette for the next trial. The 3 axis motor is used to
manually align the tip of the first pipette with the craniotomy at the beginning of
the experiment. The precision in the tapered steel collets ensure that the subsequent
pipettes are also automatically aligned with the craniotomy.

31



robustness for high throughput, high yield, and long duration recordings.

With the pipette handling actuators, storage carousel, length measurement sys-
tem, and other hardware integrated onto the same structural frame, we discovered
that every one of those systems would have to meet the high stability requirements
(<1 pm/hr drift) required for stable recordings. This significantly increases the costs
of the components and this approach quickly becomes unwieldy as new systems are
added to accommodate new features (e.g., pipette filling). The system eventually
reached a point where any additional heat, vibration, cable strain, or electrical noise
would prevent it from obtaining and sustaining long duration recordings. This core
design flaw of integrating all the hardware was reflected in the performance of this
prototype. This system did obtain 33 wn vivo whole-cell recordings but only av-
eraged 4.1 minutes in length, insufficient for a typical in vivo study. In addition,
troubleshooting was made significantly more difficult because as each new feature is
added it exponentially increases the number of possible interactions between systems,
requiring characterization and mitigation. This effort, added to the troubleshooting
already inherent in patch clamp experiments, simply added to the burden and re-
duced the performance in vivo. An integrated approach could eventually be the most
optimized system after sufficient development but should be pursued after the basic
automation tasks are successfully implemented in an independent fashion to show
feasibility and identify the most critical design parameters.

Upon deploying the integrated robot in wvivo, we noticed several failure modes
during the recordings that were possible indicators of the lack of mechanical stabil-
ity. Figure 6a shows a recording where a discrete event, disrupted the quality of the
recording (blue arrow). In 55% (n=6/11) of a subset whole-cells obtained using the
robot, a similar discrete event caused a loss of the recording. This could be due to
high access resistance caused by a bad break in or due to a mechanical disturbance.

These events occurred on average 7.2 minutes into the recording (o = 5.3 min) thus
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preventing the robot from recording for the 20 minutes necessary to characterize the
intrinsic and sensory evoked behavior. To determine whether the discrete disturbance
was due to external mechanical sources, we measured the position of the pipette using
an attached conductive target and a capacitive probe (Lion Precision CPL190, C1-A
Probe, <30 nm resolution). We did not observe any discrete mechanical disturbances
while the robot was powered down, indicating that external disturbances not likely
a cause. This also confirmed that the vibration isolation table was sufficiently iso-
lated from the building and, importantly, the heavy construction equipment operating
across the street.

During dry runs of the robot in operation, we did not measure any discrete pipette
displacements during the recording phase of operation. This does not, however, rule
out the robotic hardware because it was not possible to instrument every component
in the system or run through every operational state of the robot. Ideally, we would
have measured the position of the pipette during an intracellular recording where a
discrete disturbance might have been observed directly by both the capacitive probe
and the patch amplifier to positively determine the cause. However, the capacitive
probe introduces too much electrical noise into the recording for it to be used during
an experiment. We concluded that rather than continue to search for the root cause
in this complex, highly interacting design that was very resistant to the modifications
needed for conclusive testing, we would separate and isolate each subsystem to better
control and measure the individual effects on the performance in vivo.

We also measured the drift in the mechanical structure of about 3 pm/hr which
is more than normally acceptable but probably not severe enough to shorten the
recordings so dramatically. We determined that the drift was in part caused by
relaxation in the manual dovetail manipulators used to position the entire structure.
This relaxation occurred whenever the robot moved the headstage to the pipette

storage carousel and the weight distribution changed. After replacing the dovetails
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Figure 6: (a) Is a representative intracellular recording obtained using the inte-
grated robot design (Figure 5). It suffers from high access resistance due to poor
break-in and was disrupted by an unknown cause in a discrete manner (blue arrow).
Similar discrete events were observed to disrupt 55% of the recordings made with this
robot (6/11) preventing any recordings longer than 9 minutes. (b) Is an intracellular
recording also obtained using the integrated robot that exhibited drift in the resting
membrane potential and poor access resistance. (c) Is a recording obtained using the
new robot design (Figure 7) exhibiting excellent stability and low access resistance.
This improvement was a result of a number of changes in the overall architecture and
subsystem designs.
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with a rigid static structure and using the dovetails to position the mouse relative to
pipette rather than the inverse, the stability improved to 2 pym/hr. The remaining
drift in the system had dozens of other potential contributors (e.g., cable strain,
motor thermal effects, air temperature and convection) from every component in the
integrated design. This also contributed to the decision to pursue the segregated
strategy where individual subsystems could be added and removed to conclusively

identify sources of drift, vibration, and electrical noise.
3.2.0.2  Segregated Approach

Our next approach was to isolate as much of the automation hardware from the
main optical post as possible to eliminate interactions between the hardware and the
neural recordings and increase the stability of the pipette. It was also designed to
be modular and flexible enough to accommodate new hardware as needed without
forcing significant architectural changes. This quickly became important as we added
the pipette filling and length measurement hardware and would be essential if the
robot were to be combined with other techniques such as automated RNA extrac-
tion. Figure 7 shows an overview of the main components of the final design. The
recording amplifier and pipette holder (Figure 7a) are isolated from the robot arm,
filling station, and storage carousel (Figure 7b,c,d). The pipette length measurement
system is not shown. This physical isolation dramatically reduced the complexity
of the engineering analysis and experimental measurements required to design and
troubleshoot the system.

Figure 6¢ shows the result of these improvements on the stability of the recordings.
The average recording time at high-quality levels increased immediately from 4.1
minutes (n = 12, range 0 - 8.8 min) to 7.7 minutes (n = 27, range 0 - 30 min)
during that set of experiments, and the discrete disturbances disappeared from the

recordings. Later improvements in surgical technique, algorithm adjustments, and
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Figure 7: Photograph of the final version of the fully-automated patch clamp robot.
(a) Includes the headstage, programmable linear motor (not visible), and the custom
automated pipette holder (blue). (b) Is the two degree of freedom RR robot that
moves the pipettes between the storage carousel (d), filling station (c), automated
pipette holder (a), pipette length measurement module (not shown), and the sharps
disposal container (not shown). The pipette filling station (c) consists of a stepper
motor and lead screw that linearly actuates a shuttle that threads the pipette over a
capillary filled with intracellular solution. A separate pressure control system pres-
surizes the capillary and dispenses 1.5-4 uL of intracellular solution into the pipette.
The intracellular solution is cooled to 4 C by a Peltier cooling module, heatsink, and
fan. (d) The pipette storage carousel can hold up to 40 pipettes and is rotated by a
stepper motor.

pipette geometry increased the average recording time to more than 20 minutes (n =
40, range 0 - 110 min) indicating we had achieved a very stable system. These stability
improvements were the result of a number of design changes required to implement
the segregated approach so the ability to determine the relative contributions of each
change was impossible. The segregated approach also reduced the complexity of each
subsystem allowing standard components to be used and independently developed.
This also resulted in an overall increase in the reliability of the robot, critical for a

system of this complexity.
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The value of the segregated approach can be illustrated by an example where the
vibration from the brushless DC fan used as part of the cooling system that chills the
intracellular solution in the filling station was transmitted through the optical post
supporting the robot arm, through the vibration damping optical breadboard, and
up through the optical post supporting the pipette. The vibration was clearly visible
in the voltage fluctuations recorded by the headstage. The solution was to separate
the fan from both optical posts and mount it on the Faraday cage with structural
support to position it 3 - 5 mm away from its original location. This allowed it
to perform its cooling function while isolating mechanical vibration. This type of
mitigation is not possible with an integrated approach where relocating the fan might
cause interactions with other systems.

We measured the drift of the segregated system to be 0.6 pm/hr, sufficient for
stable recordings. Interestingly, we also measured the drift after turning on the two
computer monitors inside the semi enclosed space of the Faraday cage and the black-
out cloth and found that the drift was between 8.4 and 12 pm during the first hour
indicating a significant thermal expansion effect and a long time constant to reach
steady state. After this point, the animal heating pad, monitors, and motor controllers
were all left running continuously to maintain steady state temperatures across the

mechanical structure.

3.3 Pipette Holding

The traditional pipette holder shown in Figure 8 performs multiple critical functions
during patch clamping. It acts as the electrical, pneumatic, and mechanical interface
between the delicate glass pipettes and the macroscopic environment. It connects the
fluid inside the pipette to the patch amplifier, provides mechanical stability, and also

forms a pneumatic seal with the pipette to allow pressure control. These are expensive
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Figure 8: (a) A schematic of the pipette holder traditionally used in patch clamp
experiments. (b) Exploded view. (c) Cross-sectional view. The glass pipette is
colored blue, the silicone seal is red, and the gold electrical contact is yellow.

devices ($100 ea.) and the functions are very interdependent in the design. For exam-
ple, the pneumatic seal also acts as the mechanical constraint to physically restrain
the pipette which results in very imprecise position repeatability. The basic design
of the holders has largely remained unchanged due to their high reliability and small
physical footprint which allows multiple pipettes to be arranged in close proximity for
multiple simultaneous recordings. They generally consists of a machined cylindrical
polycarbonate body, a cylindrical silicone seal shaped like a revolved trapezoid, a
gold connecting pin, 50 mm of silver wire, two threaded end caps, and one threaded
nut to physically connect it to the amplifier. The holders are also have a port where
tubing is connected to allow control of the pressure on the pipette (see Section 3.10).
To insert the pipette into the holder, the user fills the pipette with intracellular solu-
tion using a microfil (Warner Instruments MF28G67-5, or Eppendorf Microloader),
then carefully threads the back end of the capillary (ID 860 pm) over the silver wire
(OD 200 pm), being careful not to bend the wire or scrape the sharp edges of the
glass on the wire. The user typically has to navigate slight bends and imperfections
in the wire to prevent bending the wire during threading. The pipette is then in-
serted through the silicone seal and fully seated into the holder. Then the locking

nut is tightened which compresses the seal around the pipette which simultaneously
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seals and mechanically restrains the pipette. The pipette filling, wire threading, and
pipette insertion steps require several days of training, manual dexterity, and visual
acuity to prevent damage to the pipettes and to become efficient.

In addition to its essential functions, the holder is also designed to be as narrow and
short as possible so that the length of wire extending out of the recording headstage is
minimized. This reduces noise in the recording by reducing the length of wire acting
as an antenna. The polycarbonate body provides electrical isolation and separation
to reduce capacitive coupling with nearby conductive materials, also reducing noise.
The pipette holder can be completely disassembled for cleaning and to replace the
silver wire and seals. Salts from the intracellular solution frequently collect inside the
holder along with silver and silver-chloride particles dislodged from the surface of the
wire by the sharp glass edges of the pipette. These contaminates often lead to clogged
pipettes and prevent successful recording attempts so cleanliness is essential. This
can be difficult to troubleshoot because the contaminates are often invisible without

using a microscope.

3.4 Automated Pipette Holding

While the traditional holders are very effective, they require a delicate touch when
changing pipettes, and don’t lend themselves well to automation. Inserting a glass
pipette (OD 1.5 mm) accurately into a small hole (1.75 mm), forming a pneumatic seal
with the pipette, and threading a freely cantilevered silver wire into the pipette require
a high degree of precision and control. In addition, because the seal provides the
mechanical constraint, which is inherently imprecise, the experimenter must manually
manipulate and visually align the tip of each pipette within the 100 pm diameter area
of the craniotomy for each recording attempt. This pipette insertion process and
visual alignment typically takes 3 - 7 minutes per pipette when performed manually.

One approach to automate the process would be to develop a computer vision
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system and two 6 degree-of-freedom robotic manipulators to replicate the same mo-
tion and stereo vision feedback control that a human employs to insert the pipette.
However, this would be prohibitively expensive and complex to implement and would
unlikely reach the same level of robustness and flexibility required for the many differ-
ent types electrophysiological experiments [31, 13]. The system would have to measure
the position in space of both the craniotomy, silver wire, microfil, and pipette requir-
ing both high optical power (200x) and a large working envelope (approximately 200
x 200 x 200 mm). In addition, because of the close proximity to the mouse, such
a system would have to be designed to produce low electrical noise and not affect
the mechanical stability of the pipette (drift <1 pm/hr, minimal vibration, minimal
dynamic thermal gradients).

We decided to take a simpler approach to enable robust pipette positioning, pneu-
matic sealing, and wire threading using precision mechanisms that require fewer actu-
ators and sensors. The biggest challenge in the design of such a system is identifying
and isolating interactions between the hardware that performs each task. Several it-
erations of the design will be discussed in detail, illustrating the interactions between
the hardware systems that affect the overall performance of the system.

Our initial design was based on the system used to align cylindrical machining
tools to the axis of the spindle in milling machines and lathes. It uses a collet that
is compressed around the cylindrical body of the tool by forcing it into a tapered
feature on the spindle. They can repeatably align the tool to within 12 pm of the
spindle axis over multiple removal and insertion cycles. Figure 9a-b shows our 3D
printed collet, mating taper, linear actuator for driving the mating taper over the
collet taper, the silicone seal, and a magnetic wire threading mechanism. As the
linear actuator descends, a magnet applies a downward force on the ferromagnetic
bead attached to the silver wire, pushing it through a wire guide hole and into the

pipette. Simultaneously, the actuator forces the mating taper into contact with the
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taper on the collet which compresses the collet radially around the pipette providing
mechanical constraint. As the collet compresses around the pipette it simultaneously
compresses the silicone seal (Figure 9¢) around the pipette. The collet compression
eliminates the need to tighten a locking nut to physically restrain the pipette and
compress the seal. Overall, the design is compact, mostly non-conductive, and only
requires one simple linear actuator.

However, the design suffers from several major flaws. The first, shown in Figure
9d, shows the silver wire buckling inside the body of the pipette holder as the fer-
romagnetic bead exerts a compressive force on the wire while attempting to push it
through the guide hole. There was sufficient friction between the wire and the guide
tube to exceed the buckling force of the thin silver wire. After the wire buckles,
the holder must be completely disassembled, the wire straightened, and reassembled
requiring up to 30 minutes per failure. This type of failure is unacceptable during an
in vivo experiment where time is of the essence. If the wire is perfectly straight and
the guide tube very smooth, the wire could thread reliably but the design was too
sensitive to unpredictable friction effects and failed often. Another drawback to this
design is that for every millimeter of wire that the wire is threaded into the pipette,
there is a corresponding millimeter of additional length that must be allocated to
maintain contact with the sliding connector. Therefore, for an equivalent length of
wire inserted into the pipette, this design will have a wire twice the length of than a
traditional pipette holder as well as additional length from the sliding contact for a
total of three times the inserted length. This significantly increases the noise in the
recordings.

Threading the pipette into the collet also presented additional challenges. As the
pipette is inserted, the sharp edges of the glass catch on the plastic collet, the silicone
seal, and the inside walls of the holder (Figure 9e,f). When these edges came in

contact with the holder it could resist extremely high insertion forces causing pipette
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Figure 9: Schematic showing the function of the first pipette holder prototype. (a)
The assembled design. (b) Labeled cross section of the holder. In (c¢) the linear actu-
ator lowers the magnets and mating taper, inserting the silver wire and compressing
the collet. The magnets exert a force on the ferromagnetic bead, pushing the wire
into the pipette. The sliding electrical contact maintains an electrical connection with
the amplifier as the wire is threaded. (d) Shows a common wire buckling failure. Be-
cause the total threaded length of the wire is under compression (d), it buckles easily
even with the minor friction forces at the wire guide. The holder must be completely
disassembled to straighten the crushed wire. (e) Shows the sharp edges on the pipette
getting caught on the wall of the collet and on the silicone seal (f) during insertion.
These prevent the pipette from seating completely against the wire guide. (f) Shows
also shows the silver wire buckling and failing to thread if the pipette is not inserted
completely, another catastrophic failure.
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breakage before insertion could occur. A human can feel an increase in insertion force
and in response, change the insertion angle or realign the pipette to reduce friction.
Because the robot did not sense these problems or have a way to adjust for them,
the pipette was often not fully seated in the holder. This subsequently causes a
catastrophic wire threading failure where the end of the wire would come in contact
with the back of the pipette and buckle as it is extended out of the guide tube (see
Figure 9f), again requiring complete disassembly. No amount of increased precision in
the alignment during insertion or geometrical optimization was sufficient to prevent
the sharp edges from catching on the seal or the collet itself. As a consequence, this
design was discarded. We also discovered that despite the elegant nature of the design
of only having one linear actuator perform the sealing, mechanical constraint, and
the threading tasks, it restricted our efforts to optimize and troubleshoot the design
because they couldn’t be independently varied without affecting the performance of
the other systems. This pipette holder design and the prototypes of the integrated
approach were developed by Jamison Go, Aaron Fan, and Coby Lu as part of their
senior capstone design project [40].

Our second design sought to address these issues by changing the arrangement of
the collet (see Figure 5 for the complete system). This design was also the integrated
design discussed previously. Each pipette is manually inserted into a machined collet
in a fashion similar to those found on tool changers for CNC milling machines (Figure
10). O-rings built into the collets provide the axial alignment with the tapered feature
on the collet. This tapered feature aligns with the taper in the pipette holder. The
collets are retained in the holder using neodymium magnets to provide passive reten-
tion, removing the need for additional motors or mechanisms. The collet precisely
positions tip of the pipette within the craniotomy using the mechanical precision of
the collets rather manual visual alignment for each pipette in a manual experiment

(see Section 3.5). It uses the same wire threading mechanism as before but the linear
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actuator no longer performs multiple functions, it simply threads the silver wire. The
pneumatic seal is provide by three o-ring seals; two are axial seals around the pipette
and one is a face seal between the collet and the holder.

To load a pipette, the user first manually inserts the pipette through the collet
where the two internal o-rings aligned it with the axis of the collet taper. The collet
is then inserted into the tapered socket of the holder and retained by the magnets.
The linear actuator in the figure then lowers the ”wire threading magnets” which
pushes the wire into the pipette as before. The robot was able to thread the wire
with approximately a 90% success rate which was sufficient to obtain recordings, but
it did reduce the overall throughput and performance.

The most challenging part of this design is in the fabrication of the pipette collets.
Of the dozens that were manufactured in-house (using a Haas OM-1 vertical mill),
only 10 were sufficiently precise to meet the required tolerances for accurate pipette
tip positioning. All the machine shops we contacted to out-source the fabrication
declined to offer quotes for the design due to the tight tolerances. They suggested
contacting higher precision companies that use more expensive machining tools, such
as twin spindle Swiss-type lathes, which would easily increase the cost of the collets to
$250 - $500 each. For a robot with 40 pipettes it would cost a minimum of $10,000.
This is clearly an unsustainable manufacturing bottleneck that would significantly
reduce adoption and impact.

In addition to requiring multiples of high precision and expensive parts, this design
also led to contamination issues stemming from the manual threading of the pipette
through the collet. When passing through the center of the collet, the sharp edges of
the glass scrape the inside of the collet introducing metallic particles and evaporated
salts into the pipette solution. In the case of these carbon steel collet prototypes, the
pipettes also collected rust. This contributed to a high number of clogged pipettes in

the experiment.
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Figure 10: Schematic showing the operation of the steel collet based pipette holder.
(a) Overview of the main components. (b) Detailed schematic showing the pipette
collet, with a pipette already inserted, being inserted into the pipette holder and
retained by the collet retention magnets. (c) After the collet is inserted, the wire
threading magnets are lowered using the linear actuator to exert a force on the ferro-
magnetic bead, which pushes the wire into the pipette. This design solves the pipette
insertion problems of the first prototype (Figure 9) and reliably aligns the pipettes
with the wire guide tube. However it continues to suffer from a long wire compression
distance (J) that reduces reliability. The pipette collets, while functional, required
extremely tight manufacturing tolerances (6.5 nm) to achieve a pipette tip position
repeatability of 100 pm which proved insufficient. This design did record from many
neurons although the duration and quality were poor.
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The use of neodymium magnets and steel collets, in addition to the ferromagnetic
bead, also increased the electrical noise in the recordings from approximately 30 pA to
50 pA peak-to-peak through capacitive coupling and their close proximity to the silver
wire. This is an even greater problem in cases where there are radiative sources of
noise within the Faraday cage such as the monitors used to display the visual stimuli
to the mouse. Normally radiative sources can be themselves shielded or relocated
outside the Faraday cage, but for sources such as the monitors, shortening the length
of the headstage wire or providing intermediate shielding are the only solutions.

We also discovered in our in vivo recording attempts that because the pressure
control tubing was connected to the body of the pipette holder, the air was forced to
pass through the wire guide tube to reach the pipette. With the silver wire threaded
through the guide tube, it further restricted air flow and increased the time constant
of the pressure dynamics, effectively reducing the quality of the break in attempts.
This meant the robot could find and seal onto cells, but struggled to establish healthy
whole-cell recordings. They often had high access resistances indicative of partially
ruptured seals from too low of break in pressures (see Section 3.10). Unfortunately,
due to the space occupied by the magnet retention system, o-ring, and guide tube,
there was no additional physical material left in the body of the pipette holder to add
an additional path for the pressure to reach the pipette.

For these reasons, this design was ultimately discarded although it did obtain 33
whole-cell recordings and helped us discover the critical design criteria for a successful
automated pipette holder. We endeavored in the next design to 1) prevent contam-
ination by eliminating all contact with the back of the pipette during insertion, 2)
eliminate all conductive materials, 3) reduce the length of silver wire, 4) reduce the
length of silver wire under compression during threading to prevent buckling (¢ in Fig-
ures 9d,10b,11d), 5) improve the pipette tip positioning precision without increasing

the cost of the system, 6) enlarging the pressure port to avoid restricting air flow, and
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7) further isolate the different functions of the pipette holder to allow independent
system optimization in the design.

The final, fully functional automated pipette holder design is detailed in the fol-
lowing sections and is the centerpiece of the design in Figure 7a. Figure 11 is a
detailed view of the internal mechanisms. It performs the wire threading task with
high reliability, provides a robust pneumatic seal, minimizes contamination, and pro-
vides even higher pipette tip position precision, and most importantly successfully
acquired dozens of high-quality electrophysiological recordings.

Rather than using a collet system for precisely aligning the tips of the pipettes with
the craniotomy, this design uses a vertically oriented v-groove kinematic constraint
with a motorized clamp that opens and closes to allow the pipette to be inserted
by the robot arm in Section 3.7. It also positions the tip of the pipette with higher
precision than the collet design (see Section 3.5). Torsional springs provide the passive
clamping force necessary to retain the pipette and allows the motors to be completely
powered down during a recording, preventing the generation of electrical noise. The
v-groove design also removes the need for multiple high-precision parts and was simple
enough to be 3D printed. This significantly increases the scaling potential and reduces
the cost of the system. It also uses a new wire threading mechanism (discussed in
the next section) that significantly increases the reliability and maintainability.

This design also addresses the other previously identified issues. It reduces con-
tamination by only requiring the pipette to be inserted 4 mm through an o-ring until
it reaches a hard stop against the wire guide tube. The sharp edges of the glass only
come in contact with the o-ring itself which is easily cleaned and doesn’t catch on the
sharp edges of the glass due to its flexibility and rounded geometry as opposed to the
sharp geometry of the trapezoidal silicone seal used previously.

While the acrylonitrile butadiene styrene (ABS) 3D printed design was very effec-

tive, it is somewhat porous, has poor surface finish which introduces some variability
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Figure 11: (a) A front view of the automated pipette holder attached to the record-
ing headstage. (b) A side view of the holder showing the major components. First,
a pipette is inserted into the v-groove and the clamp is partially closed by the servo
motor. This aligns the pipette with the o-ring before insertion. The pipette is then
inserted 4 mm into the o-ring using the programmable motor until it touches the hard
stop. At this point, the v-groove clamp closes completely, physically restraining the
pipette and providing precise pipette tip placement (c¢). Finally, the roller wheels in
the threading mechanism are turned by the stepper motor and drive the wire down
into the pipette until a solder ball on the end of the wire connects with the brass
contact and the wire is fully threaded (d). The v-groove clamp is attached below the
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in the pipette tip position, is very sensitive to temperature changes causing drift, and
is not mechanically stiff which allows it to flex and shift position when placed under
small loads by the robot arm. These issues would be resolved by using a machinable,
dimensionally-stable, ceramic material (e.g., Macor).
When deployed in vivo with pipettes manually inserted, this pipette holder achieved

a good whole-cell recording yield (29.0%, n=20/69) similar to that obtained with the
original autopatcher. After adding the remaining automation systems and software,
the yield was reduced (9.9%, n=30/303), likely due to non-optimal pipette geometry
or poor surgical preparation, which can affect the formation of the gigaseal, and due
to the very small craniotomies (200-300 pm) which increases the rate of clogged and

broken pipettes.
3.4.0.1  Wire Threading

Our first iterations of the wire threading mechanism had a small diameter guide tube
that aligns the end of the silver wire with the center of the pipette, but the tube also
causes the wire to buckle due to friction against the wire (Figure 8d), particularly if
the wire is not perfectly straight and smooth. The design in Figure 10 eventually did
function with 90% reliability after reducing the friction and using perfectly straight
wires but was ultimately discarded in favor of our final design in Figure 11c-d. This
design extrudes the wire into the pipette using a roller drive mechanism that has a
much shorter wire compression length 4 so the wire rarely buckles. This dramatically
reduces the failure rates from threading and is now 99.6% reliable (in 530 trials). It is
composed of two 6.35 mm diameter silicone rollers affixed to 3.175 mm shafts made of
acetal homopolymer. The silicone rollers were also effective at trapping silver chloride
particles that detach from the silver wire and become embedded in the rollers. This
potentially helps reduce clogging although the rollers must be cleaned periodically for

this to be effective. One of the rollers is driven with a small, low power stepper motor,
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and the opposite roller is driven by friction against the first roller. The shafts are
supported by simple journal bearings in the ABS plastic transmission housing with
the shaft spacing chosen carefully to cause enough compression and friction between
the rollers for them to rotate together and enough friction on the silver wire to drive
it down into the pipette. If the wire threading mechanism is blocked for some reason,
such as from a broken pipette, the silver wire simply slips between the rollers until the
blockage is cleared, rather than buckling. This fail-safe mechanism is very tolerant to
user error, allows imperfections in the straightness of the silver wire, enables simple
wire replacement. It is also designed to allow the silver wire to be any arbitrary
length to accommodate shorter or longer pipettes without requiring modification.
This allows the use of wire specific to their application rather than requiring one with
a special attached ferromagnetic bead, sliding contact, or a fixed length as in the
previous designs. The rollers in the threading mechanism also eliminate the need for
a sliding electrical contact and is replaced by the brass contact with a 500 pm hole
in the end through which the wire is threaded. This allows the total length of the
silver wire to be reduced to a traditional length and reduces noise in the recordings.
After the recording, the rollers retract the wire from the pipette until the wire is fully
retracted from the pipette but the end of the wire is still positioned within the guide
tube, ready for the next insertion (Figure 11c).

As in previous designs, the wire guide tube (ID 500 pm) was positioned against
the back of the pipette and has a smaller inner diameter than the inner diameter
of the pipette to ensure that as the wire is extruded, it would not touch the sharp
edges of the glass. This prevents scraping the surface of the wire and generating
silver chloride particles that settle in the tip of the pipette and cause clogs. It also
prevents threading failures by avoiding high friction between the wire and the edges
of the glass. However, in our second design, the guide tube created a significant air

restriction that ultimately reduced the yield and quality of the recordings. This is
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another example of the tight interactions between systems. To reduce the restriction
and isolate functions, a bevel was added to the guide tube and a separate port was
added to direct air to the back of the pipette without forcing it to travel through
the wire guide tube. This sufficiently reduced the air restriction and contributed to a
dramatic performance increase (more details in Section 3.10). Part of the end of the
guide tube was left flat to act as a hard stop against the back of the pipette. This
was necessary to accurately position the tip of the pipette in the axial direction and
ensure it reaches the correct depth in the tissue. A computer vision system measures
the length of the pipette relative to this back edge compensate for variation in pipette

length (see Section 3.6).

3.5 Precise Pipette Tip Positioning

One of the most critical aspects of a patch clamp recording is positioning the tip of
the pipette in the correct region of the brain. If recording in the cortex, targeting
the correct layer is essential and typically less than 50 pm of error is tolerated in
all directions. The whisker barrels in mice, for example, are approximately 100 pm
in diameter, requiring higher precision, and each cortical layers ranges in thickness
between 100-300 pm. Many subcortical regions of interest can be much smaller.

In addition, to improve tissue stability a very small diameter craniotomy is optimal
(200-500 pm). If the pipette tip comes in contact with bone at the edges of the
craniotomy, the tip will break and if the pipette is under pressure it can eject fluid
and air at rates high enough to damage the tissue. If the pipette tip comes in contact
with the dura at the edges of the craniotomy, it can clog the pipette. We initially
chose a maximum target position error for the robot of £100 pm positioning error in
X and Y at the tip of the pipette with 95% confidence (+2 o) and 50 pm in Z. These
precision tolerances are different than the positional stability requirements discussed

in Section 3.5.3.
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Figure 12: Drawing of a typical craniotomy. The blue dashed circle represents a
60 nm diameter target region. Inserting pipettes into bone or bone chips causes tip
breakage and tissue damage. Inserting through the dura causes pipette clogging.
Insertion through blood vessels also clogs pipettes and causes bleeding.

52



In the beginning of an experiment with the fully-automated robot, the robot
inserts the first pipette into the holder and then the user visually aligns the tip of
the pipette with the desired location in the craniotomy. The robot then continues
with a patching attempt and retracts the pipette when complete. The pipette is then
replaced ideally with the tip in the exact same position as the first. However, due
to variation in X and Y, it won’t be inserted into the exact same tract. To allow
hands free operation, the robot must be able to position the tip of the subsequent
pipette into nearly the same location. However, there is some error associated with
the system, both random and systematic. The two main sources are variation due to

the fabrication of the pipettes and variation in the physical constraint of the pipette

holder.
3.5.1 Pipette Tip Manufacturing Error

Due to variation in the manufacturing process, there is variability in the position of the
pipette tip relative to the central axis of the pipette. When the pipettes are pulled, the
bearings supporting pipette are not perfectly coaxial. This tends to pull the pipette
tip off-axis during the melting process. To characterize this error we measured the
distance between the central axis of the pipette tip using four microscope cameras
positioned orthogonally as shown in Figure 13. Each pair of facing cameras acquires
a microscope image of the walls of the capillary and of the tip of the pipette.

Figure 14a,c show the view from a set of facing cameras. By combining all four
cameras, the X and Y position error between the pipette axis and the tip can be
calculated. The cameras were calibrated by inserting a pipette so that the walls of a
glass capillary would be visible in both cameras and the central axis is found in both
images and labeled as the reference axis. In this measurement, the tip of the pipette is
beyond the view of the lower camera. There are slight angular offsets between the axis

of the pipette and the vertical axis of the cameras which is measured and corrected
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Figure 13: Photograph of optical measurement system measuring both the diameter
and tip position of the pipette in the X and Y directions. The schematic on the right
shows two cameras imaging the pipette to obtain the position in the Y direction. The
other two cameras for the X direction are omitted from the schematic for clarity.

in the final calculations. This results in measurements of 0r vy, TR up, TR down, and
ORr_down as shown in Figure 14. They define a true reference axis in both fields of
view (red dashed line in Figure 15a,b). Later we use this relationship to measure
the position of the pipette tip with respect to the axis of the pipette in view of the
upper camera. This removes any variation in the measurement from the position of
the pipette relative to the cameras.

The images were processed using canny edge detection with a 0.3 high threshold
and 0.12 low threshold and then a best-fit regression was performed on the outermost
white pixels representing the outer walls of the pipette. The algorithm also performed
a histogram filter to avoid using the outermost pixels that were not within 40 pixels
of column bin that contained the majority of white pixels. This eliminated pixels
that were from an interior edge when there existed a vertical gap in the outermost
edge. The pipette tip was found using the outermost white pixels in the canny image
and the same regression to find best-fit lines for the taper (Figure 14). The pixel
row position of the tip was found by searching for the white pixels with the lowest
row number. The column pixel position was found by interpolating between the

two best fit lines at the row number found previously. This proved to be a robust
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Figure 14: Microscope images of (a) the walls of the pipette and (c) the tip of
the pipette. (b) Shows the processed image of the pipette walls performed using
Canny edge detection and linear regression on the outermost white pixels to identify
the outer edges of the pipette. (d) Shows the processed image of the pipette tip to
identify the edges of the taper. The tip was located by finding the white pixels with
the lowest row number (Y position in the frame) and taking the midpoint between
the two best fit lines on the tapers at that row of pixels. This gives the X position of
the tip in the frame.

method for finding the position of the tip in the image and was an improvement over
the Hough line transform because of the averaging effect of the regression. It also
reduced sensitivity to multiple parallel edges in close proximity that would give high
counts in the transform for lines that crossed between the parallel edges. To avoid
singular results from the regression due to the near-infinite slopes of vertical lines, the
pixel data was rotated 90 degrees before performing the regression and then rotated
back 90 degrees and overlaid on the image data (red and cyan dashed lines in Figure
14). The regression method was more accurate and less discretized in this case than

the Hough line transform [59].
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Figure 15: Schematic showing the variables used to calculate the distance between
the axis of the pipette walls and the tip of the pipette. Measuring the pipette axis in
(a) corrects for lateral and angular misalignment between cameras. A pipette is first
placed in view of both cameras such that the walls of the capillary are visible in both
cameras. The center axis of the capillary is found in both images from simultaneous
image capture and subsequent image processing. This defines the reference axis in
both images. All subsequent images measure the position of the pipette axis and
corrects for any errors caused by variation in pipette position. Using the calibration
angles and positions, the tip position relative to the pipette axis can be calculated.

Once the walls of the capillary and the tip of the pipette were found in the two im-
ages, the measurement had to be corrected using the calibration factors and reference
axis found previously.

The X component of error is defined as the distance between the green dashed
line and the blue dashed line in Figure 15b. If the pipette tip was exactly coaxial
with the capillary, the tip would lie on the dashed blue line.

The error is calculated by

error = TR_down — T3 — T2 (1)
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Figure 16: Plot showing the measured X and Y positions of the tips of the pipettes
relative to the axis of the capillary. This error is caused by manufacturing variation
in the pipette puller. 20 is approximately 4% of the total diameter of the pipette.

P, own
xr3 = (mR,up - waxis)é—up (2)
m
To = (h - ytip)tan(g - QR,doum) (3)

Pjown and P, are the magnification powers of the two cameras. These powers were
measured using a microscope calibration slide and scale the offset distance measured
between z,.s and xg,, to transform it into length scale of the lower camera. The
error in the Y direction is calculated using the same equations and the other pair of
cameras. Combined, the X and Y error give the total radial distance from the axis
of the pipette to the tip of the pipette. These calculations assume that the angular
difference between the reference axis and the measured pipette axis are negligible. We
estimate the error in the measurement system to be approximately +3 pm (resolution
is 1.4 pm/pixel). Figure 16 shows the measured tip positions of 16 pipettes relative
to the axis of the capillary wall. With a standard deviation of 29.5 pm, this is a large

portion of the +£100 pm error allowance (20= 59 nm, for 95% confidence).
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3.5.2 Collet Design Position Error

For the steel collet pipette holder design, we analyzed the effect of manufacturing
tolerances in the collet on the position error of the pipette measured with respect
to the capillary walls to isolate the error from error of the tip. The most significant
error due to manufacturing was the Abbe error introduced by minor variations in
the manufacturing of the o-ring glands with respect to the axis of the collet taper
(see Figure 18h,i). To fabricate the collets (steps shown in Figure 18a-g), steel bar
stock is placed vertically in a vertical CNC milling machine and the top o-ring gland
is milled along with the outer taper of the collet without moving the stock. This
ensures that the o-ring gland and taper are concentric to within the manufacturing
tolerances of the machine (£0.005 mm, OM-1 Haas). However, the bottom o-ring
gland cannot be milled in the same operation because it is on the opposite side of the
part. After separating the partially finished collet from the stock, it is inserted into
the milling machine upside down and the opposite gland is milled. To maximize the
accuracy of the secondary operation, a sacrificial soft vise jaws were milled to receive
the partially finished collet with high accuracy. However, this industry standard
practice for fixturing still contributed approximately +12.5 pm of error. Figure 17
illustrates the fabrication steps and the effect of the manufacturing error on the tip
position.

The combined error from the manufacturing of the first gland (5 pm) and the fix-
turing error (~12.5 pm) results in an angular error of 0.089 degrees which corresponds
to an 81 pm error between the tip of the pipette and the center axis of the taper of the
collet (Figure 17 e3). Figure 18 shows the measured error. Two orthogonally placed
microscopes and similar image processing techniques discussed previously were used
to measure the positional repeatability of the walls of the pipette. The total mea-

sured error is approximately +80 pm with 95% confidence (6 = 48.9 ym). The collets
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Figure 17: (a)-(f) Show the fabrication steps required to make the pipette collets.
Between steps (c) and (d), the collet is removed from the vise and reinserted upside
down. This step can introduce 12 pm of error, €9, between the axis aligned with the
taper (green) and the axis aligned with the o-ring gland on the reverse side (red). €
is the potential error due to manufacturing variation in the milling machine. €3 is the
combined total position error of the pipette tip relative to the axis of the taper. This
error is a projection based on the angular misalignment between the two o-rings and
the axis of the taper.
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Figure 18: Plot showing the measured X and Y positions of the walls of the pipette
between pipette insertions. Between each measurement, the pipette collet was re-
moved from the holder, a new pipette and collet inserted, and another position mea-
surement was made. The collets were not rotated during the exchange and were
inserted in an random order fashion; the same collet was never removed and then im-
mediately replaced. There are systematic errors from manufacturing processes in the
collets as well as random errors from insertion into the tapered feature. The dashed
circle represents the 200 pm diameter craniotomy

were inserted and removed from the pipette holder several times to measure the re-
peatability. In addition, because the collets were not rotated between insertions into
the holder, the repeatability of the tapered mating surfaces for each collet also be
extracted £26.4 pm (o = 13.2 pm). This seemed sufficiently accurate to fall within
a typical 200 - 500 pm diameter craniotomy but combined with the error from the
pipette tip, the total error is £114 ym (o = 57 pm).

This gave us some confidence in the repeatability of the collet positioning system
so we proceeded to develop the rest of the supporting hardware to enable fully-
automated trials. Upon completion, we tested the performance of the robot and

found that due to the small size of craniotomies used, the pipettes would often clog
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on debris in the craniotomy such as the dura and blood vessels. Approximately 38% of
the pipettes would clog upon insertion, severely limiting the throughput and requiring
frequent pipette changes. Manual alignment during a traditional experiment avoids
these obstacles in the craniotomy and can achieve clogging rates below 10-20%. By
using larger craniotomies, we reduced the number of clogged pipettes when using
this design, but this increased the amount of exposed brain tissue which increases
tissue pulsation due to heartbeat and breathing. This also reduces the success rate of
gigasealing which was approximately 10% for all inserted pipettes for this design. It
also reduces recordings stability as shown by the reduced average recording duration
(4.1 min). For any given 200 pm diameter circular area, there are also several blood
vessels on the surface of the cortex (Figure 12) that the pipette could pierce, causing

bleeding and tissue damage [153].
3.5.3 V-Groove Position Error

To increase the positional accuracy of the pipette holder, we developed the v-groove
constraint design shown in Figures 7a, 11, and 19. The v-groove design improves the
accuracy of the system from £80 pm to +30 pm and dramatically reduced clogging
from 38% to 18% (n = 437 and n = 142 trials respectively). The v-groove constraint
requires a single precision part in contrast to the dozens of high-precision collets of
the previous design. In this case, a 3D printed v-groove was sufficiently precise to
position the pipettes with less than half the variability of the collet design (o = 15.4
nm, a 68.4% reduction). Figure 20 shows the position repeatability of the v-groove.
The v-groove also acts to align the pipette before insertion into the o-ring. As the
clamp is partially closed, the v-groove aligns the pipette with the o-ring even if there
is some variability in its initial position. This enhances the robustness of the pipette
handling system by being tolerant of a certain degree of variability.

The total positioning error of the final design can be broken down into three
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Figure 19: Schematic of the v-groove pipette constraint. The clamp is closed by
torsional springs (not shown) and opened by a cam mounted on the shaft of a servo
motor (see Figure 7).
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Figure 20: Plot showing the higher precision of the v-groove pipette holder. These
measurements were taken with respect to the walls of the pipette. The 200 pm

diameter circle represents the size of the craniotomy and the 60 pm diameter circle
represents the size of the target region.
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main segments: 1) repeatability of the v-groove constraint, 2) the variability in the
pipette diameter and runout, 3) the manufacturing variation causing variation in the
location of tip of the pipette. Other less significant sources of error include drift due
to thermal expansion within the structural loop between the pipette tip and the brain
of the mouse as well as creep in the plastic materials. The pipettes vary in diameter
between 1.48 mm and 1.54 mm which corresponds to a systematic error of £20 pm
for a 90 degree v-groove. To control this error, pipettes were sorted by diameter
into 0.02 mm bins limiting the error to approximately +7 pm. The pipettes also
have an elliptical cross section which can contribute to the error with a maximum
difference in major diameter and minor diameter of 10 pm which gives approximately
a +3.5 pm error. Combining the error due to the v-groove and the pipette tip error
and neglecting the diameter and runout error, the total error is +66 pm with 95%
confidence (o = 33 pm). If we consider the uncertainty surrounding the true standard
deviation of both errors given our sample standard deviations, the upper confidence
interval for the standard deviation with 95% confidence the is 6,4, = 50.2 pm(Chi
distribution). Therefore, we can be 95% confident that 95.5% (20) of our pipettes will
fall within a craniotomy of diameter 200.8 pm. However the cumulative effect of this
95.5% probability over the 30 trials in a typical experiment leads to the probability
of at least one failure of 79%. It is therefore likely that at least one pipette will fall
outside this diameter. With a 350 pm diameter craniotomy (3c) we have a 99.7%
probability that the pipettes will all fall within the craniotomy and a 26% probability
of at least one failure during the experiment. These estimates assumes that the errors
are normally distributed. In practice using craniotomies between 250 and 350 pm, we
do see 1 - 2 failures where pipettes are clogged by the dura or break from contact with
the bone chips around the periphery. This analysis does not include the probability
of inserting the pipette into a blood vessel within the craniotomy window.

We also measured the creep in the ABS pipette holder when inserting the pipette

63



after the clamp had been in the open position for several weeks (Figure 21 orange).
These measurements were performed using the same orthogonally positioned micro-
scopes, with similar image processing techniques, and time lapse photography at a
rate of one image every 20 seconds. The Hough line transform was too discretized for
accurate sub-pixel edge tracking so a regression based algorithm was used to find the
walls of the pipette as in Figure 16. The figure shows the stress relaxation of the ABS
plastic after the force required to open the clamp is removed (7 N). During a typical
pipette change, the clamp is opened and under load for 1.5 minutes which causes suf-
ficient viscoelastic flow that the pipette will relax approximately 4 pm after the clamp
is closed around the next pipette (blue). This requires approximately 40-60 minutes
to stabilize. This far exceeds the desired <1 pm/hr drift requirement. However, this
design was able to obtain 39 whole-cell recordings, including the data in Chapter 5,
many of which were longer than 30 minutes, indicating a sufficiently stable system.
One simple solution would be to close the clamp after removing the pipette during
the 1.5 min pipette change so the force to open the clamp is only applied for a few
seconds. The clamp could then be opened just before inserting the next pipette. This
would help reduce the drift due to creep.

The drift likely contributes to the lower yield obtained with the robot as compared
to the original autopatcher and also reduces the average recording duration. It was
sufficient in this work as a proof-of-concept design and enabled the validation of the
wire threading reliability, v-groove clamp precision, pressure control improvements,
and automated pipette handling. This pipette holder could be further improved by
replacing the ABS plastic with a dimensionally stable ceramic material (e.g., Macor)
to eliminate creep, reduce thermal expansion effects, and increase the stiffness of the
clamp. It would also increase the precision of the v-groove constraint and remain

non-conductive for optimal noise performance.
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Figure 21: Plot of the creep of the pipette over time after inserting it into the
v-groove clamp after the clamp had been left in the open position for several days
(orange). The blue plot replicates the conditions during a typical pipette change. The
drift was measured in the X and Y directions since these will be the most affected by
creep due to Abbe error. The creep in the Z direction should be negligible.

3.5.4 Conclusions

We have established the need for high-precision pipette tip placement to be better
than £66 pm, showing a significant effect on clogging rates, and developed a v-groove
constraint design that reduces the error in positioning the capillary walls to 30 pm.
The largest remaining source of error is the pipette manufacturing tip offset of £60
pm between the center axis and the tip of the pipette which remains to be addressed
and is similar to estimates made by others [28]. We characterized the probability of at
least one failure due to placement of the pipette tip in a typical experiment of 79% for
a 200 pm diameter craniotomy and 26% for a 350 pm diameter craniotomy which was
similar to the 1-2 failures per experiment seen in practice. Several straightforward
improvements also hold promise for reducing creep, thermal sensitivity, and increasing
the precision of the v-groove. Overall, the design was sufficiently precise and stable

to obtain the data presented in Chapter 5.
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3.6 Pipette Length Measurement

Pipettes can vary significantly in length if not centered exactly on the heating fil-
ament when manufactured. This is normally accomplished using a physical hard
stop. However, this assumes that the capillaries are uniform in length. The ends
of the capillaries when cut leave behind sharp fracture edges that are only partially
rounded during fire polishing. In addition, the overall cut length can vary from batch
to batch. Rather than increasing the precision of the pipette manufacturing steps,
we designed an on-line measurement system to compensate automatically for pipette
length variation. This is performed by measuring the length of each pipette using two
microscopes arranged as shown in Figure 22 and the resulting length is used to offset
the programmable motor so that the tip of each pipette starts at the same Z height.
Because the Z height of the brain is set manually with the first pipette, the difference
in length between the first pipette and the subsequent ones is what constitutes the
Z offset. This is added or subtracted to the distance to the surface of the brain that
the motor will move. This ensures that the tips of all subsequent pipettes are at the
same 7 location as the first. It uses image processing techniques similar to those in
Section 3.3. The robot arm inserts the pipette into the compliant clips that position
it within the focal plane of the microscopes allowing precise length measurement. The
resolution of the measurement system is 0.9 pm/pixel (~200x magnification) with a
measurement standard deviation of 6 = 8 pm (n = 6 measurements). The retention
brackets and compliant clips are mounted on the same frame as the cameras to min-
imize the size of the structural loop between the camera and the pipettes, ensuring
that they are always in the same relative position despite insertion and removal forces
and vibrations from the robot arm. The compliant clips are flexible enough to prevent
pipette breakage and increase the reliability of the robot.

Alternatively, there are ways to detect the position of the surface of the brain
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Figure 22: Rendering of the pipette length measurement system and the image
processing steps to measure the length of the pipette. The extreme end points (high
or low) of the red lines in the edge detection images are considered the “end” of the
pipette in the measurement. The line transform makes the measurement more robust
by requiring linear structure in the pixels to be considered part of the pipette. A
white backdrop was used to enhance the contrast in the images against the black
edges of the pipette. The robot arm in Section 3.7 inserts and retrieves the pipette
from the compliant clips.

67



by observing the resistance increase from contact with the dura or heartbeat mod-
ulation [28]. However, if there is an error in these sensing modalities (e.g., due to
tissue damage) and the surface is not detected, the pipette will be lowered until the
next obstacle is detected possibly causing major tissue damage if not prevented by
a redundant algorithm or limit. This risk of catastrophic failure will likely limit the
robustness of this approach. For this reason, we pursued the optical measurement

system shown which proved to be very reliable and precise.

3.7 Pipette Handling and Automation Controller

The design of the pipette handling system is largely determined by the overall archi-
tecture of the system. In the first version of the robot (Figure 5), the pipette handling
system consisted of one stepper motor to rotate the pipette storage carousel, one lin-
ear brushless DC motor (100 mm travel) to move the headstage horizontally, motor
that inserts the pipette into the brain, and one that raises the carousel to insert the
collet into the pipette holder. However, the integrated and simplified nature of the
design negatively affected the in vivo performance of the robot. With the segregated
architecture, a new pipette handling system was developed to bridge the gap between
the pipette holder and the storage area. The advantage of using a robot arm with
multiple degrees of freedom (DOF) is that it allows the peripheral modules (storage,
filling, length measurement) and the automated pipette holder to placed almost arbi-
trarily within the working area of the robot. The working area is shown in Figure 23.
It also allows incorporating additional modules such as the length measurement mod-
ule that was added after the initial design was implemented, which is more difficult
with an integrated design.

Commercial robot arms are available that could manipulate pipettes (Baxter:
Rethink Robotics, Universal Robots). However there are none available with the right

combination of precision (<200 pm repeatability), footprint, or cost. In addition, the
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Figure 23: Pipette handling robot with two rotational degrees of freedom. Left: top
view of the working area (grey) of the robot arm. Right: rendering of the robot arm.

robot arm must be compatible with the low noise and vibration free environment of
the Faraday cage and vibration isolation table. To mount the robot arm on the table
would likely require an option to power off the robot during recordings to prevent the
high current supply to the robot from emitting noise into the cage. This option is not
commonly used in industry and could be problematic, requiring multiple startup and
shutdown cycles during an experiment. If the robot is mounted off of the air bearing
table, then it must be able to adjust the path of the pipette when the table moves
due to changes in weight distribution or air pressure. These challenges and order of
magnitude increases in cost led us to develop the simple two DOF robot arm which
gave us full control over the power options, footprint, workspace, and flexibility. The
overall cost of this robot arm is approximately $2.,500 as compared to $22-50K for
bulkier commercial systems.

The robot arm in the final design is driven by two stepper motors (NEMA 17,
200 steps/rev) with 99.51:1 planetary gear reducers. The arm is operated open loop

and has a full-step resolution at the end effector of 72 pm. The full extended length
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of the arm is 457 mm. The repeatability was greatly enhanced by reducing friction
using Teflon thrust bearings in each joint. The main bearings for the joints were con-
ventional ball bearings chosen to withstand the torque exerted by the force required
to insert the pipette at full extension. The planetary gear train included sufficient
flexibility so that the arm would yield before breaking the pipette for small displace-
ments (2 mm). If the arm experienced a torque greater than an certain threshold, a
friction clutch in the elbow of the arm would slip or a brass pin at the shoulder would
shear to avoid damaging the gear train or causing injury.

The robot is programmed using a vector graphics illustration application which
was ideal given the 2D nature of the robot, shown in Figure 24a. The user can
draw the obstacles in their working area to scale in the drawing and also draw the
exact path for the robot to follow. The paths are translated by a custom interpreter
that translates the X and Y coordinates of each point in the paths into ¥; and ¥,
angles that the robot uses to follow that path with the end effector. Because of the
symmetry of the robot, there are two sets of angles (1) that could correspond to a
single X and Y point as shown in Figure 24b. The user can specify which configuration
to use in the drawing program based on their physical constraints. The path shown
in Figure 24a is translated into angular positions shown in Figure 24c¢ and exports
the firmware which can then be copy and pasted into the code that is flashed to
the embedded microcontroller that controls the simultaneous motion of both stepper
motors to follow the prescribed paths. The program also exports an animated GIF
image for visual feedback of the paths interpreted from the drawing. This program
made path planning and adjustment much more efficient.

The calculation of the angles given a set of X and Y points and the desired
configuration (), or Reverse Displacement Analysis, is the following. ¢y is defined

as
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Figure 24: (a) Dotted line is the path drawn for the end effector to follow. (b)
Shows the two configurations of the robot arm for a given end effector location. (c)
Reverse displacement calculations that transform the Cartesian points in (a) into
angular positions for the robot arm controller.
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_x2+y2—l1—l2 (4)
N 21415

C2

where [; and [ are the lengths of arm 1 and arm 2 in Figure 23 and x and y are
the X and Y positions of the end effector relative to the shoulder joint. sy is defined

as

ts=+V1-0 (5)

the solution for 6, is
05 = atan2(%s,, cy) (6)
Finally, 6; can be calculated by defining ¢; and s; and solving

o= x(ll + ZQCQ) + yl232
YT BBy 2l

y(ll + lQCQ) — JJlgSQ
l% + l% -+ 2[1[262

S1 —

0, = atan2(sy, 1) (9)

07 is calculated using the corresponding si and ci.

In addition to the analysis of the ideal robot, the real robot incorporates sim-
ple on-line backlash measurement and compensation, simultaneous embedded motor
stepping control, and full self-calibration essential for a functional robot arm.

The robot arm, by its design, has a very high stiffness in the vertical direction
and the pipette insertion force is entirely supported by the bearings. To support
possible use of the design for pipette holders positioned at an angle, the motors were
chosen to have sufficient torque (4.7 Nm) to supply the insertion force required at the

end effector (2 N) if; in the worst case, the pipette holder was completely horizontal
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resulting in the insertion force being supplied entirely by the motor torque (worst
case, 0.91 Nm).

The end effector is actuated using a servo motor and a two crank rocker kinematic
mechanisms in series that provides near infinite mechanical advantage for gripping the
pipette. The motion is transferred from the motor positioned at the elbow of the arm
to the end effector using a stainless steel wire in tension. A return spring opens the
end effector once the tension force is removed. Using this design, a high clamping force
could be transmitted to the end effector. This is essential in the cluttered environment
near the pipette holder where high torque motors and gear trains required to achieve
high clamping forces would be too large. This design enables a large power density
with a small footprint near the pipette. The cross section of the end effector is

only 90 mm?

enabling insertion into environments too small for manual operators
such as in experiments with arrays of 12 or more pipettes [116]. One of the other
limiting steps in performing multiple simultaneous recordings is the time required to
change pipettes for each trial which could be alleviated by adaptations of this robot
arm. By adding additional degrees of freedom to the end effector, the robot could
accommodate various pipette arrangements.

The automation controller consists of three embedded microcontrollers (Atmel
328P, AtmelMegal280) with embedded firmware for controlling the valve timing, sy-
ringe pump, Peltier, and lead screw of the pipette filler, the motor on the storage
carousel, the two stepper motors and end effector of the robot arm, and the wire
threader and pipette clamp motors. Each system also has its own automated calibra-
tion routine and power down state to eliminate noise in the recording. The dozens
of functions performed by these systems are controlled through serial communica-
tion with the master control computer (see Figure 3). A fourth microcontroller also

controls the valves, analog pressure levels, and the BNC relay within the pressure

control system. It includes firmware that allows the break in pressure ramp to be
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interrupted when a resistance change has been detected by the break in algorithm
and a command is sent from the master control computer to the pressure control sys-
tem (discussed in Section 4.2.3). This results in a 30 ms response time between the
resistance measured by the amplifier and when the valve is switched to atmospheric
pressure. The preliminary results of this algorithm show improved access resistances

using this method. This result is discussed in more detail in Section 5.4.1.

3.8 Paipette Filling

A pipette filling station must perform several basic functions: 1) thread the pipette
over a microcapillary that dispenses the fluid, 2) dispense 1 - 5 nuL of solution, 3)
maintain the temperature of the stock solution near 0° C. It is also subject to a few
constraints. It must avoid contaminating the pipettes to prevent clogs, have a speed
similar to that of a human, and prevent bubbles from forming inside the tip of the
pipette during filling. There doesn’t currently exist a system for automatically filling
pipettes.

The typical approach for filling pipettes is to thread a long microfil (World Pre-
cision Instruments, Sarasota, FL, MF28G67-5), or microloader (Eppendorf, Haup-
pauge, NY, Microloader) down inside the pipette and dispense fluid while the microfil
is retracted to reduce the surface area of the microfil that is submerged in the fluid.
The retraction is purported to reduce contamination by preventing the solution from
washing off any contaminates on the surface of the microfil. The threading process,
similar to the wire threading previously discussed, is a minor annoyance when done
manually and a fair challenge for an automated system to perform automatically.
The microfil is quite flexible due to its small diameter and easily buckles when placed
in axial compression. The friction forces between the microfil and the sharp edges
of the glass cause the microfil to buckle and prevent effective filling. Using rollers

similar to the wire threading mechanism (see Section 3.3) would resolve this issue but
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Figure 25: Figure showing the main moving components of the pipette filler. The
cooling block surrounding the reservoir of the microfil, Peltier element, heatsink, fan,
and pipette retaining clip are not shown for clarity.

it could also introduce contaminates. In addition, the microfil is too short to allow a
roller mechanism to be positioned above the low friction guide tube (PEEK, ID 0.5
mm) and still reach the tip of the pipette. Nearly the entire length is inserted into
the pipette. Despite placing the microfil in compression, it only buckled occasionally
(6.6%) during experiments resulting in unfilled pipettes. An unfilled pipette is easily
detected and removed by the robot and does not cause a catastrophic failure so this
design was deemed sufficient.

To provide the linear motion to thread the pipette over the stationary microfil,
a stepper motor and lead screw actuate a shuttle vertically on a sliding bearing as
shown in Figure 25. Moving the pipette is simpler than moving the microfil, cooling
block and the entire Peltier cooling assembly that maintains the fluid at 4° C.

The chemistry of the solution that is dispensed into the pipette is designed to
match the intracellular pH, osmolarity, and concentration of the most common ions
inside a neuron. In particular, adenosine triphosphate (ATP) and guanosine triphos-

phate (GTP) are added to enable accurate measurements of synaptic plasticity and to
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maintain stable recordings. However, they are assumed to degrade quickly at room
temperature in aqueous solutions (ATP - 50% degrades in “days” [50] or “several
hours” [151], GTP 2% loss in four days in air) and the solution is conservatively
kept on ice for the duration of the experiment. Therefore, the robot should keep the
solution near 0° C. This is accomplished by using a 60 watt Peltier cooling element,
heatsink, and fan (Adafruit, New York City, NY, 1335). It cools the intracellular
solution to 2° C at steady state with the fan operating at a 70% duty cycle. However,
the fan itself generates sufficient mechanical vibration to inject noise in the recording
even with the most flexible standoffs. It was removed from the heatsink and mounted
on a separate structural loop (Faraday cage) while still positioned immediately next
to the heat sink with a small gap between them. Air reflectors direct the heated air
away from the recording area and the cooling air was redirected from outside the
Faraday cage to avoid disrupting the steady state temperature environment within
the cage, thus reducing pipette drift.

To dispense 1-5 nL of fluid out of a microfil requires both pressure and volume
displacement control. Figure 26 shows a schematic of the system. Originally we
attempted a simple pressure-only control strategy but pressure control alone was
insufficient. It is complicated by the need to withdraw the fluid from the capillary up
into the reservoir after dispensing fluid (see Figure 27a (aspirating) and b (complete)).
This prevents the dead volume in the capillary from remaining at room temperature.
As the fluid is withdrawn using a pressure gradient, the fluid resistance through the
capillary drops dramatically as air fills the capillary due to a much lower viscosity
(1.8x10° kg/m-s vs. 1.7 x10 kg/m-s for water) and causes the fluid to quickly
be aspirated up out of the microfil and into the tubing, resulting in the loss of the
intracellular solution (Figure 27c). This two order-of-magnitude difference in viscosity
translates to a two order-of-magnitude increase in flow rate. The equation for laminar

flow in a pipe is
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Figure 26: Schematic of the intracellular solution dispensing system. The fluid is
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pressure control from the regulators and solenoid valves. Over the course of the in
vivo experiments it filled pipettes with 94.4% reliability.
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Figure 27: Schematic of the fluid dynamics within the microfil. ) Shows the
variables used to calculate the speed of the air-fluid interface. (b) Shows the ideal
aspiration volume where all the fluid is positioned within the cooled reservoir and not
at air temperature in the capillary.

a)

7TD4APT

Qr = NUTR (10)

where () is the flow rate, D is the diameter of the capillary, AP is the pressure
drop across the capillary (Put, — Preg, constant in this case), [ is the length of the
capillary, and p is the viscosity of the fluid. Variables are also shown in Figure 27.

To characterize this behavior, we modeled the position of the air-fluid interface as
a function of time since we intended to use timed control of solenoid valves to apply
the negative pressure. The flow in the capillary is laminar (Reynolds number | 4)
and we assumed negligible inertial effects. We also assumed that the fluid resistance
in the reservoir was negligible due to a difference in internal diameter of nearly 10x.
Because the pressure drop in a pipe scales inversely with the diameter to the fourth
power with a constant flow rate, its pressure drop is 10,000x less than the capillary,
all else being equal. We also assumed the flow rate was equal in both the air-filled

and fluid-filled lengths of the capillary.

7D*AP, 7D*AP,

N _ —0 =™ 2l 11
@r = Qu 12811 L (a 1281141, (11)

Qr is the total flow rate, @, is the flow rate through the length of the capillary
filled with fluid, @, is the flow rate in the length of the capillary filled with air. I, [,
and [, are the lengths of the entire capillary, fluid filled section, and air filled section

of the capillary respectively. This leads to a relationship between the pressure drops

78



across the fluid and air filled lengths

l
AP, = AP,Hwe (12)
Hala
and given that
APr=AP,+ AP, ly =1-1, lo=2 (13)

and substituting into equation (12), rearranging gives

APr

T
L+ i

AP, (14)

Substituting equation (14) into equation (11) and combining with equation (10) yields

7TD4APT 1
= 15
o 128 (,uwl + (pta — Nw)x) (15)

Given that

Qr = DV = Di (16)

where V' is the average velocity of the fluid. By substituting equation (16) into
equation (15) and integrating we arrive at a closed-form solution for the approximate

position of the fluid-air interface as a function of time with a constant aspiration

pressure.
fa — M o 7D3APy
—_— wl)t — ——t = <t<t¢ 1
(Pe by g e -T2 =0 0<i<n a7)
T D3A Py
=T 2 1
r—1 128,u,al (t tl) t>1 ( 8)

which can be solved by finding the roots of x given a value of ¢t. The relevant roots
are where > 0 and = < [. t; is the time where the fluid-air interface has reached the
end of the capillary and the entire capillary is now filled with air.

The probability density function in Figure 28b is calculated by assuming that [ is
normally distributed, which is similar to having an unknown volume to be aspirated,

caused by drops on the tip of the capillary. The aspiration volume B is approximated

by
wD?

B =
4

(t finat) (19)
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This assumes a constant duration ¢y, for negative pressure to be applied pro-
grammed into the pressure controller. The probabilities from the PDF of the normal
distribution of [ are mapped to the corresponding volume calculated using equations
(17),(18) and (19) to generate Figure 28b and the change of variables technique.

Figure 28a shows the position of the fluid-air-interface x in the capillary as the fluid
is drawn up into the reservoir under a constant negative pressure. The sudden jump
in speed at 1.7 seconds is where all the fluid has been withdrawn and the air can now
quickly flow through the capillary. If the negative pressure isn’t released immediately,
the entire reservoir is aspirated up into the tubing supplying the pressure and is lost
(Figure 27c). While accurate millisecond timing control is certainly feasible, the
time required to withdraw the fluid can be quite variable. After dispensing fluid in
the pipette, a small drop of fluid will occasionally remain on the tip of the microfil
which is then drawn into the capillary, increasing the time required to fully evacuate it
Figure 27a. This variable fluid volume is problematic when trying to time the pressure
control valves. Figure 28b shows the probability density function for the actual volume
aspirated using pressure control, assuming that the volume of fluid that needs to be
evacuated from the capillary is normally distributed and the negative pressure was
applied for a fixed duration. The red line marks the volume of the capillary itself and
anything above it has aspirated air into the reservoir. While some air is acceptable as
shown in Figure 27b, it must be controlled. Figure 28b shows how the increase in flow
rate skews the upper tail of the distribution, signifying that there is a high probability
overall of aspirating too much air, resulting in catastrophic failures shown in Figure
27c. This sensitivity increases the risk of sample loss and reduces the reliability of
the filler. A Monte Carlo simulation of the process with a normally distributed drop
volume predicts 42% of aspirations will result in aspirating twice the required volume.
This shows that pressure control is an unreliable and sensitive technique for situations

with highly variable fluid resistances even with millisecond pressure control.
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Figure 28: (a) Shows the position of the fluid-air interface within the capillary as a
function of time under a constant aspiration pressure. At 1.73 seconds, all the fluid
has been aspirated out of the capillary and air can move freely through, resulting
in a much higher flow rate. (b) Shows the probability density function for the total
volume aspirated by applying negative pressure to the microfil for a fixed duration.
The variability is due to variation in the volume of fluid in the drops on the tip of the
microfil that remain after filling a pipette. The red line shows the ideal aspiration
volume using the fixed duration method.

A better approach is to aspirate the fluid using a fixed volume displacement to
withdraw the fluid. A custom syringe pump was built for this purpose (Figure 26).
Because a displaced volume self regulates as fluid is drawn up from the capillary
into the reservoir, proportionally decreasing the drive pressure, it won’t overshoot
the desired volume and is very effective at controllably withdrawing the fluid. We
empirically determined that withdrawing approximately 8 pL of fluid and having an
air isolation gap (Figure 26) <90 nL, supplied enough negative pressure to withdraw
all the fluid out of the capillary while minimizing the amount of additional air aspi-
rated. Ideally, the volume of the air isolation gap should be minimized to increase the
pressure difference generated for a given aspiration volume Fy¢r = %. To at-
tempt to increase the aspiration pressure simply by increasing the aspiration volume
will cause the fluid in the reservoir to be aspirated further up into the tubing once
the capillary is cleared, potentially causing osmolarity and concentration changes if

it is combined with a drop of fluid from the supply tubing. Too small of an air

gap, however, will increase the likelihood of contact between the deionized water and
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the intracellular solution, upsetting the delicate osmotic balance in the intracellular
solution.

The syringe pump alone failed to reliably dispense fluid, however. As the pump
withdraws fluid from the capillary, occasionally small bodies of fluid remain in the
capillary (Figure 27d) which, due to capillary forces at the tip, prevent the fluid from
being dispensed by the pressure generated from a volume displacement. Applying a
pressure pulse (1 Bar) reliably clears these blockages and allowing controlled, reliable
dispensing if used with accurate valve timing. Because the flow resistance increases
during dispensing, it effectively prevents it from overshooting the desired volume.
After the capillary is refilled with fluid, the resistance is constant and millisecond
timing of pressure pules is effective at dispensing accurate volumes. A schematic of
the dual pressure and displacement control system is shown in Figure 26 and is based
on the design by Innovadyne (Queensland Australia [8]).

To fill a pipette, the syringe pump first dispenses 8 pL of fluid to force fluid from
the reservoir down to the tip of the microfil. Surface tension forces are sufficient to
prevent fluid from exiting the tip at this point. While this is happening, the robot
arm positions the pipette into the spring clips on the shuttle that align the pipette
with the guide tube through which the microfil is threaded. As the shuttle is raised,
the pipette is threaded over the microfil while five mBar of pressure is applied for
three seconds to dispense a very small amount of fluid inside the pipette. This fluid
quickly comes into contact with the moving inner walls of the pipette and is rapidly
wicked away by the glass filament and down to the tip of the pipette under the force
of gravity and capillary action. The pipette is filled during threading to prevent a
large drop of fluid from bridging the walls of the pipette and essentially creating a
bubble in the lower part of the capillary. While the pipette is moving, the tip of the
microfil is more likely to come in contact with pipette before a large droplet is formed.

The secondary, yet essential, benefit is that the intracellular solution flows down the
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filament to the tip of the pipette and the taper of the pipette over time. This is
important for the next stage where a higher pressure pulse (1 Bar, 100 ms) dispenses
the remaining 1-2 pL of fluid into the tip. If the taper is not pre-filled, dispensing
a 1-2 pL droplet of fluid can create an air bubble in the tip of the pipette. After
the pressure pulse, the pipette tip is filled and the shuttle is lowered to withdraw the
pipette from the microfil. Finally, 8 pLi of fluid is withdrawn by the syringe pump to
evacuate the capillary of the microfil during the waiting period before the next fill.
The shuttle also acts as a physical hard stop to position the back of all pipettes to the
same 7 height before the robot arm moves them to the length measurement module
and later to the pipette holder.

The robot can perform all the filling steps in about 12 seconds, approximately
equivalent to the manual rate, with 94.4% reliability. As with all the modules in
the robot, reliability was the key concern. The failures that did occur were either
due to buckling of the microfil capillary during threading, or when all the fluid had
been dispensed during a long experiment and operator failed to refill it. The filler is
designed to use a specific disposable microfil (Eppendorf Microloaders®) to reduce
contamination. They hold approximately 40 pL of fluid (sufficient for roughly 25
pipettes) when a low profile adapter is used to connect it to the tubing. The software
currently allows the microfil to be easily refilled during an experiment or alterna-
tively, a custom reservoir geometry could be designed by working with the supplier
to increase capacity.

The impact of using the filler instead of manual filling on the performance of the
experiment is currently unknown. Ideally, a control experiment would be conducted
where the pipettes are filled manually to elucidate any possible effects. Future work
should also examine the levels of contamination that occur between both manual and

automated dispensing.
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Figure 29: Pipette storage module. The dust cap prevents contaminates from
entering the back of the pipette, the compliant clip holds and centers the pipettes for
retrieval by the robot arm, and the rotational position of the carousel is calibrated
using the photoreflective sensor.

3.9 Pipette Storage

The pipettes are stored on a motorized carousel shown in Figure 29. The design
requirements for storing pipettes include preventing dust particles from contaminating
the inside of the pipette and precisely positioning them so they can be retrieved by
the robot arm. It consists of a stepper motor with a coupling that connects it to a
dust shield that doubles as a hard stop when loading the pippette. The user inserts
the pipette into a 3D printed ABS plastic disk with compliant spring clips to retain
the pipettes (carousel). This design was also used to retain the pipette on the shuttle
of the filler mechanism. Figure 29b shows the symmetrical geometry of the spring
clips which automatically center the pipettes in the theta direction.

The symmetrical geometry of the compliant clip passively centers the pipette for

retrieval by the robot arm. However, the 3D printed disk had inaccuracies in the
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layer widths leading to significant Abbe error at the ends of the pipette. To reduce
the effect, the carousel was positioned in Z so that the robot arm would grasp the
pipette near where it is held by the carousel rather than near the ends of the pipette.
A photoreflective sensor and reflective target are used to calibrate the position of the
carousel and provide accurate angular positioning. The stepper motor rotates the
carousel so the next pipette is in position for the robot arm to retrieve for the next
trial. The storage system is 100% reliable due to its simplicity and can be scaled to
store however many pipettes are needed, possibly in multiple radial rings. Currently
it has a 40 pipette capacity. The storage capability could also be important for
experiments where the cytosol is extracted after recording and stored in the carousel

for later off-line analysis of mRNA expression or metabolic factors [144, 87, 18].

3.10 Pressure Control System

The two current methods to control the pressure applied to the pipette are by man-
ually manipulating syringes or mouth pipetting. It is a highly skilled technique re-
quiring weeks of training, and is subject to human variability and limitations. The
most challenging step is applying the short pulse of suction during the break-in with-
out damaging the cell. It is highly variable and non-quantitative. The original au-
topatcher work determined that the pressure control could be accomplished using
three discrete pressures and an array of solenoid valves. Here we extend that work
by adding electronic pressure regulators and analog pressure control, developed a
feedback-controlled pressure ramp break algorithm, and added additional electrical
control elements (schematic shown in Figure 30). These were implemented into a
stand-alone automation system that has been adopted by dozens of other labs and
allows labs to rapidly incorporate the autopatcher algorithm into their workflow.
The pressure control system, known as the “Autopatcher Control Box,” has been

disseminated to dozens of labs by a startup company, Neuromatic Devices Inc. and
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Figure 30: Schematic of the computer-controlled pressure control system used in
automated patch clamp experiments. It enables algorithmic, analog pressure control
and dissemination of optimal pressure protocols in software. The fast response times
and exceptional repeatability exceed those of a human operator.

published [70]. The hardware and software are freely available to the community on
our website www.autopatcher.org and are frequently updated as new techniques and
improvements become available. The impact of this development effort is seen in its
widespread adoption and replication by the community.

One of the contributions from the original autopatcher work involved defining the
pressure specifications for successful algorithmic patch recordings. This was done
using syringes to generate four pressure states (800 mBar, 25 mBar, -15 mBar, and
-150 mBar). These pressures are similar to those that have been in use by others

[47, 100], and were optimized for use with an algorithm. The manual regulators and
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Table 4: Table showing the part numbers and adjustment specifications for the
pressure control system. These provide the pressures used in the four pressure states
used in the autopatcher. The manual regulators are adjusted to supply pressures
within the input range required by the electronic regulators.

Manual Adjust to Electronic  Electronically Patch
Regulation (mBar) Regulators Adjust to Clamp
(mBar) Pressure
McMaster 200 Parker 990- 25 Low Pressure
41795K3 (0-5 005101-002
psi) (0-2 psi)
McMaster 1500 Parker 990- 800 High
41795K3 005101-015 Pressure
(0-30 psi) (0-15 psi)
McMaster ~2700 (to Parker 990- -15 Low & High
41795K3 give -500 005203-005 (gigasealing) Vacuum
(0-60 psi) & vacuum ) (0-345) & -345
Air-Vac (break-in)
AVR038H
0 Atmospheric

electronic regulators in this work are adjusted according to the specifications in Table
4 to automatically supply the required pressures.

Connecting a DAQ or the output from a microcontroller to the control pins on the
electronic regulators also enables complete programmatic control of these pressures.
This enables the development of pressure control algorithms that can precisely vary
the pressure over time such as those detailed in Chapter 4 for autonomous break-in,
as well as those developed by others using the control box, and enables a wide range
of other manipulations to be performed algorithmically such as mRNA extraction
[18] or macromolecule delivery [9]. As new algorithms are developed for these tech-
niques, they can easily be transferred between labs in software rather than tedious
training exercises. Electronic pressure control exceeds the ability of human operators

by enabling higher precision and faster response times.
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The pressure settings mentioned have been extensively proven in vivo but are ac-
tually a measure of the pressure supplied to the array of solenoid valves rather than
the true pressure seen on the pipette. As alluded to in Section 3.4, the actual pressure
dynamics at the pipette can be affected by flow restrictions in the pipette holder and
capacitive pneumatic effects from the volume of the tubing. These effects are largely
unquantified in most systems. Differences between systems could contribute to the
variation seen in the styles of mouth pipetting or syringe manipulation techniques
used by different experimenters [30]. The two most common break in methods use
pressure ramps [30, 100], and pulses [69] but these are largely unsupported by con-
trolled, quantified experimentation due to the manual way in which they are typically
performed and the effort required to obtain a statistical sample. With the automa-
tion system presented here, repeatable experiments can be conducted to determine
the optimal strategy for general experimentation, for specific cell-types, or for a given
pipette geometry to obtain maximum yield.

The data collected in this work represents observations over many experiments
using two different pipette holders with different pressure dynamics. The black mea-
surement shown in Figure 31b and ¢ are from the collet pipette holder design in
Figure 10. It shows the slowest time constants for both applying negative pressure
(Figure 31b) and returning to atmospheric (Figure 31c). We believe these dynamics
contributed to the poor recording stability in that design by less effectively breach-
ing the cell membrane during break in. If the membrane is only partially disrupted,
it can reseal over the tip of the pipette, increasing access resistance, and reduce the
quality of the recording. With faster negative pressure pulses, the patch of membrane
is more fully disrupted and less likely to reseal. These slower dynamics are caused by
the flow restriction in the pipette holder where the air is forced to flow through a 300
pm diameter 6 mm long wire guide tube. During a recording this hole is also filled

with a 250 pm diameter wire reducing the effective cross sectional area by 56%. This
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effectively filters the pressure dynamics when using this holder.

The pressure dynamics for the improved pipette holder design (Figure 11) are
shown in pink and have nearly the same dynamics as the tubing alone (green) in-
dicating that the holder has insignificant flow restrictions. This design directs the
pressure through a separate flow channel instead of forcing it to pass through the
guide tube. When the guide tube and flow channel meet above the back of the 1.5
mm pipette, the geometry was carefully chosen so that the guide tube could still
align the wire with the pipette, but also minimize any flow restrictions (more details
in Section 3.4.0.1).

We also investigated the effect of the tubing length on the system performance.
By measuring the pressure output directly from the box (Figure 31ai) we determined
that the electronic regulators were capable of very fast pressure control. However,
after adding the tubing into the system (green), we see that the additional pneumatic
capacitance decreases the performance significantly (tubing ID 1.6 mm, length 2.7 m).
We also measured the pressure at the output of the box while the tubing was attached
to see if flow resistance through the tubing was the cause of this decrease. This
measurement was identical to the measurements at the end of the tubing indicating
that the flow restriction was upstream in the system in either the solenoid valve or
pressure regulator itself.

To separate these two effects, we also measured the release of negative pressure
(Figure 31b) where the valve has disconnected the regulator from the fluid path
and the only restrictions could be the tubing and/or the solenoid valve ports. The
3x improvement in speed between plots b and c indicate that the dominate flow
restriction is in the regulator. To improve the overall performance, the two dominant
effects must be addressed. 1) The length or diameter of the tubing must decrease to
reduce the capacitance or 2) the flow capacity of the regulator must increase.

The final pipette holder design achieved break in successfully in 68.2% (30/44) of
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Figure 31: Pressure measurements at various locations in the pneumatic system.
The pressure in the pipette was measured at the end of a capillary inserted into the
pipette holder. (a) The locations in the system where the pressures were measured
in (b) and (c). (b) Pressure dynamics when the pressure control system is switched
to -326 mBar for break-in. (c) Pressure dynamics when the system is switched back
to atmospheric pressure.
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gigaseals, similar to the rates reported in the original autopatcher (83%) and else-
where (67% [28]). The collet design achieved a similar success rate of 64.7% (33/51)
but suffered from short recording durations likely due to partially broken membranes
possibly caused by these slower pressure dynamics. This suggests that these dynam-
ics represent the lower bound of pressure performance required for quality recordings
(Tvae =100 ms and 7,4,= 73 ms). The time constants for the final successful design
were Tyae =71 ms and 7T.4,,= 38 ms. These measurements also have implications for
the pressure pulse methods that employ this specific hardware. The suction pulses
between 100 and 1000 ms duration that are commonly used by the autopatcher al-
gorithm will experience significant filtering and fail to reach the expected -345 mBar
unless the pulse is longer than 400-500 ms. While the pulse method continues to
report good function despite this effect, perhaps the performance could be improved
further by using even shorter time constants and additional algorithm optimization.

In summary, we show the development of an automated pressure control system
that enables algorithmic pressure control and characterized its performance, have
shown a lower performance bound for successful pressure dynamics during break in
that leads to stable recordings, and have quantitatively shown the dynamics of a
system that achieved successful stable recordings. We also mention the improvement
in access resistance due to the automated pressure regulation system and algorith-
mic pressure control. The pressure control system will enables future deterministic
control algorithm optimization, new experimentation methods (such as pipette reuse
[72]), and systematic dissemination of robust advanced techniques through repeatable

hardware and software embodiments.

3.11 Automated Pipette Tip Geometry Inspection

Note: this system was not an integral part of the fully-automated patch clamp robot.

One of the main challenges in in wvivo patch clamp experiments is fabricating
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Figure 32: Summary of the automated pipette inspection system. It accurately
measures the diameter of the pipette tip and taper angle to quantify the quality of a
pipette. (a) A CAD rendering of the microscope, camera, light source, and three-axis
manipulator. It also shows the kinematic fixture to position the tip of the pipette near
the field of view of the microscope. (b) Microscope images of the pipette tip through
various stages of processing. The image is acquired, cropped to the region of interest,
averaged to reduce noise, processed using Canny edge detection, and processed using
the Hough line transforms to find the edges of the pipette. The tip of the pipette
in the vertical direction is found by locating the largest drop in the brightness along
the mid-line of the (bi). The diameter is measured at this location. (c¢) Comparison
between the automated inspection system and measurements taken using a scanning

electron microscope.
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quality patch pipettes to achieve high yield and good recording quality during the
experiment [42, 99]. In vivo recordings in particular require a specific tip geometry to
select for cell somata instead of detecting axons, dendrites, glial cells, or blood vessels.
However the optimal size and shape is not well quantified. It is often described in
terms of the shape of the optical aberrations seen when inspecting the ~1 pm diam-
eter tip under a bright field microscope. This characterization is largely qualitative
and requires good visual acuity and training to recognize the optimal shape. The
approximate diameter can be measured visually relative to an optical reticle, but is
imprecise. Ideally there would be an unbiased quantitative method for measuring the
geometry of the pipette tips to allow correlation with in vivo experimental yield to
determine the optimal pipette shape.

A good pipette can also be described by a certain tip diameter and cone angle
which are intuitively understood by experienced patch clamp experimenters but there
does not exist a system that can quickly measure them quantitatively and accurately.
There is some quantitative analysis about the optimal pipette geometry [137, 99] but
no practical quantitative measurement system exists to gather the data to correlate
geometry with yield. The experimenter must therefore be trained to recognize a good
patch pipette visually over a period of several months of experimentation. In addi-
tion, it can require several days of effort to optimize the fabrication settings when the
pipette puller drifts out of calibration. It requires several minutes to pull and inspect
each pipette and the process quickly becomes haphazard due to the nonlinear effects
of changing fabrication settings, manufacturing variability, and additional variabil-
ity and bias from visual inspection. To optimize the geometry, between 25 and 100
pipettes are typically pulled an inspected. This process could be significantly acceler-
ated by gathering unbiased quantitative measurements from each pull would enable
autonomous multivariable system optimization.

We therefore developed an automated inspection microscope that measures the
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diameter and taper angle of the tip of the pipette shown in Figure 32 [134]. Tt
incorporates a 100x water immersion objective with a three-axis micropositioning
stage and camera that can acquire high-resolution images of the tip of the pipette
with minimal optical aberrations. After the user loads the pipette, it automatically
locates the tip in the field of view of the microscope, adjusts the focus, and process the
image to extract the inner diameter and cone angle. It measures the pipette diameter
with £0.38 pm of error, and the cone angle with £5.45° of error (95% confidence
interval) then compared to measurements made with a scanning electron microscope
showing good agreement (Figure 32c). It uses the same image processing steps as
before: averaged 10 frames, background subtraction, Gaussian smooth filter, Canny
edge detection, and the Hough line transform to identify the walls of the pipette. The
tip location was found using the column of the pixels down the center of the pipette
and a user specified threshold which is triggered after the peak in image intensity
(Figure 32bi). The diameter was measured between the two lines that designate the
walls of the pipette and the taper angle is measured as the angle between the two
lines. The pipette in this example has a cone angle of 16°. The pipette is manipulated
using three piezoelectric nanopositioning motors and held in a spring loaded v-groove
kinematic constraint.

While this system was not an integral part of the full automated patch clamp
robot, it contributes towards transforming the art and qualitative nature of patch
clamp experimentation to a quantified, systematic, and informatic science. The au-
tomated inspection system was developed under the author’s guidance by Thomas
Capocasale, Max Stockslager, Michael Simon, Yuanda Li, and Dustin McGruder for

their senior capstone design project.
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CHAPTER 4

SOFTWARE AND ALGORITHMS

The major contribution of the original autopatcher was the idea that the steps per-
formed by a manual experimenter to establish the gigaseal could be performed by a
simple computer algorithm. The two main algorithms contributed were the neuron
hunting and gigasealing which significantly reduce the training required and achieved
good yield in vivo [69]. Algorithmic control has the benefit of being readily trans-
ferable in software and is highly deterministic and quantitative, reducing biases and
improving experimental consistency. The highly variable and low yield nature of in
vivo patch clamp recordings would also benefit from this standardized, quantitative
approach allowing optimal algorithms to be developed and disseminated.

Here we present the development of the remaining algorithms to fully automate
the experiment. The hardware detailed in Chapter 3 forms the interface between the
software and all the physical, electrical, and pneumatic tasks in an experiment and
must be controlled by intelligent, adaptable, and robust algorithms with at least the
same skill as a manual operator and ideally with increased speed and precision.

This chapter is divided into two sections covering the software architecture and
the algorithms. The software architecture improvements include implementing the
autopatcher algorithm in a state-machine architecture and developing a hybrid event-
driven and state-machine architecture that greatly simplifies the development of new
experimental protocols and enables multithreaded operation, non-blocking determin-
istic execution, and low latency algorithms.

Two new algorithms were developed in this work and include 1) determining the
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moment for break-in and 2) the feedback-controlled ramp break-in method. The fully-
automated system also incorporates the algorithms from the original autopatcher,
with some minor adjustments, with their performance compared in Chapter 2.3. Here
we will compare the performance of the new feedback method with the semi-manual
break-in method used in the original autopatcher and replicated by another group
who also implemented a simple automated version [28].

In addition to these main algorithms that could directly affect the performance
of the robot, we developed dozens of other functions to automatically control the
hardware and conduct the electrophysiology experiment. While these tasks do not
typically require innovative algorithm development, they do require translating best
experimental practices into computational logic and an execution flow-control sys-
tem that allows it to react to the all the different situations that arise during an

experiment.

4.1 Architecture

In the case of patch clamping software, there does not exist a standard software
architecture that is designed to be easily customized for automated neuroscience
experiments. Most software architectures are purpose built for specific tasks such
as real-time control (RTXI, C++ [88]), automated microscopy (Micro-Manager, API
[32]), or custom built using MATLAB (MathWorks, Natick, MA) [28], LabVIEW
(National Instruments Co., Austin, TX) [69], or other languages.

The algorithm for the original autopatcher was custom built in LabVIEW in a
procedural style with a single execution thread and a looping structure with a few
state switches. This allowed rapid development in the graphical programming en-
vironment and algorithm optimization. However, as we added additional systems

and user-requested features, this architecture quickly became unwieldy since all the
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procedural code lacks modularity and hardware abstraction. In addition, any com-
putational tasks requiring more than a few seconds would also block the GUI from
responding to user input, leading to user frustration and lack of control. Our first step
to alleviate both issues was to segment sections of the code at the natural divisions
in the experimental protocol (e.g., pipette check, neuron hunting, gigasealing) and
convert them to self-contained “states.” This isolation is key in building a robust,
modular code base where users can easily follow the execution in a piece-wise fashion,
add new protocols, and benefit from reduced development time. This state-based de-
sign was developed in collaboration with Michael McKinnon, was also implemented
in LabVIEW, and was included as part of the Nature Protocols publication [70] and
is freely available on our website www.autopatcher.org.

This version also included hardware abstraction libraries to isolate the hardware
specific implementations from the procedural code. There were several different ver-
sions of the pressure control system and many different actuators in use, so it became
important that new algorithms were transferable without requiring rewrites. In the
original autopatcher software, the hardware was integrated with the algorithms so
six different versions of the original software had to be developed, one for each set of
hardware (see “software” on www.autopatcher.org). The newest version allows the
code for the hardware-specific functions to be interchangeable making the adoption
process much more streamlined for custom hardware.

This new version of the autopatcher software still lacks a few additional features
including a responsive GUI, and accessible parallel processing. These became in-
creasingly important as more automation was added in the fully-automated design
as several hardware subsystems need to operate simultaneously and without blocking
the program. The logical architecture choice for this behavior is a multithreaded
event-driven design where all code execution occurs in response to an event, either

from a GUI widget like a button press or an event fired by a hardware subsystem
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such as completing a motor move command. Using multiple threads, tasks and events
can be handled in parallel without blocking each other or the GUI. After completion
they then dispatch events to the main procedural code to continue execution. The
main challenge with this architecture is that there is typically only a single function
that handles all the events of that type. For example, if a GUI button is pressed,
the event handler must use a switch case to select the appropriate code that should
run depending on the which state is currently active. If the state code is included
in the event handler, the consequence is that code that makes up a “state” is now
scattered across dozens of event-handler functions and can be extremely difficult to
follow, modify, and is not modular. As new states are added, the event-handler func-
tions grow in size as new cases are added (there are 21 states in the fully-automated
system). It also made testing isolated pieces of the code very challenging because to
redirect the code to skip certain states (for example, so the robot would not have to
recalibrate every time we tested an electrophysiological algorithm) required signifi-
cant modifications to the code, which inevitably resulted in introducing additional
bugs. This event-driven design was far less scalable, less maintainable, and made it
very difficult to add new states.

How then, do we balance the need for procedural programming that follows the
typical step-by-step protocol in biological experiments, with the improved perfor-
mance of event-driven and parallel code? The answer lies in creating a specialized
hybrid architecture that incorporates elements from state-machine and event-driven
architectures. Unfortunately, this type of architecture is not supported by the built-
in state-machine and event-driven architectures in LabVIEW. Our first attempt to
develop the fully-automated robot software in LabVIEW resulted in poor perfor-
mance and unreliability due to the high level of abstraction and architecture design
constraints. Part of the reliability problems stem from the way LabVIEW hides

threading functionality from the user in the graphical programming environment.
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To develop this hybrid functionality we evaluated using C++ and the Qt signals
and slots event-driven architecture. The key design feature that enables the hybrid
design is the ability to redirect which functions handle the events without requiring
hundreds of case structures with dozens of cases each. This allowed the architecture to
direct the event to whichever state was currently active (rather than error prone case
structures) and also forcibly prevents other states from responding to an event. This
dramatically improves the modularity, generality, maintainability, and extendibility
of the code. The way this is accomplished is by developing a parent class from which
all the states in the robot inherit. Next, all the possible events sent to and from the
GUI and hardware are routed through this parent class. The parent class essentially
becomes an interface class for all the states. It contains a list of all the events and
defines the name of the event handler that the user can use in their custom state. By
standardizing this interface between all the states rather than letting them access the
hardware and GUI directly, we can form the hybrid architecture in the state machine.
The basic premise is that whenever a state becomes active, the state machine will
connect all of the events going to and from the GUI and hardware to that specific
state and disconnect all of the other states. This means that every state can have its
own event-handler function for each type of event and that it will be the only state
that responds to it. So rather than having all the code that responds to a specific
type of event residing in a single function with case structure redirection, each state
can have its own handler and that handler is guaranteed to be the one that responds
once the state is active.

The end result of this conceptual shift is that all of the code that defines a state
can now be written procedurally while receiving the benefits of an event-driven archi-
tecture. Since most experimental protocols have this step-by-step style, this makes

development much more intuitive for end-users wishing to customize the software and
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allows protocols and algorithms to be shared. Figure 33 shows a schematic of the ar-
chitectures for the original autopatcher, the state-machine design in LabVIEW, and
the final C++ version.

One of the other main conceptual rules we established was to force the user to
highlight the areas of the code that control the transitions between states. In the
previous versions, the decision to switch to another state would occur somewhere in
the procedural code and would cause a change in the flow of execution. In the newest
design, when a state finishes it returns with a decision code that the state machine
uses to select the subsequent state. The state transition list specifies the subsequent
state for each return code (Figure 33c, Next State 1 and 2). This allows the code
to be redirected without modifying the code within the state and allows completely
different experimental protocols to be executed simply by changing which states that
will become active for each outcome. This makes the flow of the program much
more readable and customizable. States can be added or removed from the execution
flow easily and robustly. However, care must be taken when designing states, so
that their code remains largely procedural to maximize reusability and readability.
If anything more than simple loops or one or two branches of code exist within the
state, it should be separated into multiple states and the branches added to the main
state transition list so it is visible. One drawback of using a list to control state
transitions is that the transitions can be difficult to customize. This is partially the
intent of the design so that the transitions between states are simple and robust,
but it requires workarounds for anything more complex. One option is to use flags
set by another state to change the outcome in another state. These non-standard
workarounds should be well documented if employed.

So far we have discussed the basic architecture for procedural-style automation

programming using the signals and slots event-driven architecture and we will now
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Figure 33: (a) Shows the

for the fully-automated system.

architecture.

first iteration of the autopatcher software architecture.
The code was somewhat subdivided and there existed some hardware encapsulation.
(b) The second version of the software with well-defined states, clear transitions, and
fully isolated and interchangeable hardware blocks [70]. (c) The final architecture
It allows control of the order of state execution
from a list, allows parallel processing, and maintains a procedural programming style
while combining the performance improvements of multitasking and an event-driven
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focus on the parallelization aspects. Automated experiments, and most biological pro-
tocols, are generally performed in a step-by-step fashion but can benefit from some
level of parallel operation to improve efficiency or enable completely new parallelized
experiments. In the case of the fully-automated system, there were several instances
where multiple operations needed to happen simultaneously. Although true parallel
processing was not needed, we employed multitasking extensively. For example, the
functions that are used to control the amplifier are blocking functions which would
cause the digital acquisition to halt during the pipette offset correction. To allow
multitasking whenever there was a blocking function or time-intensive, low-priority
computation being performed, they were sequestered into their own thread. Gen-
erally, algorithm execution is well within the real-time performance demands of the
user, but hardware functions are much slower and require non-blocking functionality.
Fortunately, the event-driven structure is very amenable for controlling asynchronous
execution within separate threads. By allowing for blocking functions to operate
within their own threads, this also simplified the requirements on the embedded
software so an event-driven architecture did not have to be implemented on all the
embedded devices.

Overall, the hybrid architecture allowed for efficient growth from the original five
states of autopatching to the 21 states in use by the fully-automated system. The
software design made a significant contribution to the stability of the software and
significantly increased the reliability of the final system, critical to the performance
of a system of this complexity. This final version of the software transects the event-
driven, state-machine, parallel, and procedural software design paradigms and en-
abled the scaled development of the fully-automated robot and is a good platform for

supporting systems of even greater complexity.
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Despite the success in this new architecture, the largest disadvantage is the de-
velopment language itself. While many scientists are skilled in programming as evi-
denced by the many open-source projects within neuroscience (Open Ephys, RTXI,
PsychoPy, NeuroRighter, OpenWorm, ACQ4, Ephus [140], Scanlmage) there are a
very small percentage of electrophysiologists as a whole who are familiar with C++.
Despite the conceptual advances in the architecture, this one issue will likely dissuade
most neuroscientists from adopting it. However, the concepts are likely translatable
to other languages such as python (PyQt). MATLAB has limited support for this
kind of custom architecture and it would be challenging to implement this exact de-
sign, although other architectures could be used. The loss in computational speed
from switching to these scripting languages would very likely be compensated for by
the simpler syntax for most users. The main motivation to use C++ was the to
leverage the high-speed execution, low latency, and low level control to maximize the

performance of feedback-controlled break-in algorithm detailed in Section 4.2.3.

4.2 Algorithms

The original autopatcher performs a pipette resistance check, regional pipette lo-
calization, neuron hunting, and gigaseal formation tasks as shown in Figure 2. A
semi-automated break-in algorithm was also investigated in the original work. How-
ever, it left the determination of when and how to break in and the detection of the
break-in event, up to the user for each trial. This is a good approach for experiments
that require flexibility but relies on the presence of an experienced electrophysiologist.

To achieve full automation we implemented an algorithm to determine the appro-
priate time to break-in, performs break-in using a novel feedback-controlled algorithm,
and detects whether the whole-cell configuration has been achieved or the cell is lost.
We also implemented a number of tests that run after break-in occurs to measure

the resting membrane potential, holding current, capacitance, membrane resistance,
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Table 5: The cutoff thresholds for terminating the gigasealing attempt. For example,
if the resistance is not greater than 40 M) after 30 seconds after the positive pressure
has been released, the pipette is retracted.

Required at Time
Resistance (sec)
(M)
40 30
100 90
500 120
1000 180

access resistance, rheobase, and spike amplitude. These are used to determine the
quality of the recording and to indicate to the algorithm when to retract the pipette
after a failure. We also implemented the necessary automation to control the current
injection, bAC firing stimulation, visual stimulus, and ongoing quality control. We
also developed algorithms or integrated existing ones to correct the pipette offset,

bridge balance, and capacitance compensation.
4.2.1 Gigasealing

The autopatcher gigasealing algorithm performs the steps to obtain a gigaseal by
releasing positive pressure, applying suction, and ramping down the holding voltage.
The user would judge the quality and speed of the forming seal and decide whether
to continue or terminate the attempt. To implement this assessment in a systematic
automated fashion, a simple algorithm was developed to balance efficiency with the
probability that a gigaseal will form during a trial. The purpose of this algorithm is
to quickly reject cells that are not likely to seal, yet allow cells that are progressing
enough time to successfully seal. Table 5 shows the resistance versus time thresh-
olds where a trial would be terminated if the resistance does not meet the required
threshold.

These thresholds match or are slightly less stringent than what a manual operator
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would do during a gigasealing attempt. The emphasis with these values is to trade
some efficiency (e.g., wait a little longer than an operator would) to avoid retracting
the pipette in instances where an operator would have chosen to wait.

Future algorithms could also improve the rate of resistance increase by applying
additional periods of negative pressure or by advancing or retracting the pipette 2-
10 pm to help accelerate the seal formation in cells that are slow to seal, similar to
techniques used in manual experiments [30]. These adjustments could be scaled based
on the change in resistance seen during detection, which is an indicator of how far the
pipette is from the cell, or on the initial rate of gigasealing. However, the emphasis
in these algorithms should be to make minor, conservative adjustments that help
compensate only for cases that are obviously sealing too slowly to avoid negatively

affecting successful cases.
4.2.2 Determining Moment of Break-In

Once a gigaseal has formed, break-in must be attempted if a whole-cell recording
configuration is desired. The focus of this section is to develop an algorithm that
is highly reliable and reproduces the actions of typical human operator. However,
because this decision has always been based on the experience of the operator there is
very little quantitative data about the process or whether it impacts the success rate.
There are different opinions about when break-in should be performed. One group
suggests that breaking in immediately is optimal [30], while others suggest waiting
3-5 minutes for the seal to stabilize [18]. The simplest algorithm is to simply break in
once it has reached 1 GQ[28]. However, in the case where a cell is sealing quickly and
a higher seal resistance is desired (2-10 G2) the algorithm should wait. Therefore,
we implemented an algorithm that attempts to balance the need to break in and
start the recording as soon as possible, with the desire for the gigaseal to reach its

maximum potential. The overall average gigaseal resistance for our recordings using
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this algorithm was 4.4 G{).

We developed the algorithm using historical gigasealing resistance measurements
to test the robustness of different algorithms and whether they matched what an
experimenter would choose during a manual experiment. It is a two-stage algorithm
that becomes active after a single resistance measurement greater than a gigaohm
is acquired. The first stage is designed for cells that seal slowly (>2 min to reach
1 GQ) and the decision is made once a single measurement greater than 1.2 G{2 is
acquired. This ensured a full 1 G seal in the presence of measurement noise and
because the time to reach a gigaohm is typically excessive for these cells, break-in is
attempted immediately. None of the cells which fell into this category resulted in a
quality recording. This could indicate that the seals were not very robust despite the
gigaohm resistance or that the novel break-in algorithm is not ideal for these slow
sealing cells.

The second stage of the algorithm is designed for cells that seal quickly (<2 min).
We designed this algorithm to balance the need for efficiency and the desire to allow
the seal to stabilize. To quantify the stability of the seal resistance, we used the first
derivative of the resistance measurements and two different averaging windows to
determine what an experimenter would consider stable. We optimized the algorithm
using historical gigaseal resistance traces followed by in vivo testing.

The algorithm begins monitoring resistance measurements as soon as gigaseal has
been reached. After acquiring 30 measurements over ~30 seconds, it calculates the
first derivative using a linear regression on those 30 points. As each new resistance
measurement is acquired, it recalculates the first derivative D; for the most recent 30
points, essentially using a moving window for calculating the first derivative. These
derivative values are stored in an array and the maximum value in this array D,,q.
is updated with each new addition. Finally, the percent change of the most recent

derivative value is calculated relative to the global maximum derivative value. The
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decision to break in is made once the derivative drops below 50 M /s and when the
most recent derivative value is less than 50% of the maximum derivative value in the
array.

The algorithm also requires that another first derivative Dy, calculated from the
five most recent resistance values, is below 1 MQ/s. This allows a comparison between
the lower noise, long average of the first metric with this more responsive metric that
uses a smaller averaging window. We also investigated replacing this metric with a
requirement that the second derivative of the five most recent points be less than
1 MQ/s*. These two metrics behaved similarly and the first derivative metric was
ultimately used in the experiments.

These three conditions (D; < 50, % -100 > 50, Dy < 1) were very reliable
and allow the majority of the potential seal resistance to be reached and efficiently
terminates gigasealing without requiring the slope to reach zero. The seal for many
cells never stabilizes completely (zero slope) so a positive threshold should be used
and adjusted according to the taste of the experimenter to allow the algorithm to
be tuned to either achieve maximum seal resistance or to break in quickly after the
gigaseal is formed.

The algorithm also includes a provision that would allow the robot to proceed to
the membrane test state if the resistance drops below 500 M(2 after previously reaching
1 GS2. This successfully handled spontaneous break-in events during the experiments.
The algorithm does not handle cells that break in spontaneously without first having
reached a gigaohm, but these recordings are typically lower quality and rejected by
the quality control algorithms.

The majority of the higher quality and stable recordings in our experiments came
from seals that formed within the first 100 seconds of gigasealing and that reached
resistances >2 GQ(Figure 34).

These plots indicate that the maximum gigaseal resistance is a good predictor
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Figure 34: (a) Shows the effect of gigaseal resistance on recording duration. (b)
Shows the lack of an effect from the rate of gigasealing on the recording duration for
cells that form a seal within 100 seconds.

of recording stability whereas there is little correlation between the time to reach
a gigaseal for gigaseals that form in less than 100 seconds. If the seal resistance is
below 2 Gf2, the majority of the break-in attempts fail or the recording is unstable.
Traditionally, a gigaseal that forms quickly is a good predictor of the stability of the
recording as supported by the results in Figure 34b. For cells that seal in more than
100 seconds, very few were of good quality. This would indicate that the threshold
values in Table 5 could be more strict to increase efficiency or that a new break-in
method should be derived for cells with gigaseal resistances <2 Gf). Alternatively,
additional suction pressure applied during gigasealing (up to -200 mBar) [100] or
moving the pipette closer to the cell could help increase the seal resistance, increase

the yield, and improve the access resistance of the recordings.
4.2.3 Feedback-Controlled Break-in

This algorithm combines the computer-controlled analog pressure regulation system
from Section 3.10 with high-speed resistance measurements to perform a ramp break-
in method similar to the manual method described in [100]. Pulses of suction were
used in the original autopatcher with good success (82%), and by other groups (66%)

[28], but there remains the possibility of damaging the cell from using a pulse of
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excessive duration or of excessive amplitude. Here we use a slow ramp of suction
(0 to -345 mBar over 1.5 seconds) while monitoring the pipette resistance using a
100 Hz, 20 mV peak-to-peak amplitude square wave. The acquisition buffer was
the size of one period of the square wave and the resistance was computed for each
period and checked. During the ramp of suction, if the resistance dropped below 350
MQ | the pressure was released by sending a serial command to the pressure control
system to switch the solenoid valve to atmospheric. The voltage ramp sent to the
electronic regulator to ramp down the suction pressure was controlled by a timer on
a microcontroller within the pressure control system that could be interrupted by the
command. This gave an average response time of 30 ms when using a model cell and
up to 100 ms in vivo where noise could affect the resistance measurement. If the
membrane failed to rupture after completing the ramp, a second ramp was initiated
several seconds later and a zap (1V, 25-100 pns) was delivered 750 ms into the ramp.
This combination was always able to either achieve a successful recording or resulted
in the loss of the cell. Alternatively, a regulator capable of supplying a higher vacuum
pressure could be used to continue the pressure ramp until break-in occurs.

We obtained an overall break-in success rate of 68% which, although somewhat
lower that the original autopatcher (83%), is within the normal performance variation
found between laboratories and experimenters (Fisher’s Exact Test, p=0.4) [28]. As
shown in Figure 34, the majority of recordings were of short duration or failed on
break-in when the seal was less than 2 G(2. Perhaps suction pulses or a voltage zap
without suction are better for breaking into cells with seals <2 Gf2. The largest
improvement due to this algorithm was a reduction in the average access resistance
of the recording from 50 M2 to 21 M(). These improvement is discussed further in
Section 5.4.1.

Due to the latency limitations of the USB connections between the DAQ and
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microcontroller to the computer, the response time is limited to 20-30 ms (not in-
cluding the acquisition or processing time) and is subject to the additional sporadic
latency from the Windows operating system. To improve the performance, a PCI
DAQ interface (<10 ps) and a hardware serial port (<1 ms) could be used. Alterna-
tively, a dedicated field-programmable gate array (FPGA) or an embedded real-time
operating system could reduce the processing and data transmission overhead. After
implementing these digital improvements, the response time would only be limited by
the period of the square wave (10 ms) and the response time of the solenoid valve (4
ms). The potential benefits from additional reductions in the response time, such as
further reducing access resistance, repeatability, and allowing more direct control of
the pressure state, are offset by the additional complexity of lower latency hardware
and software. The actual pressure change is also still subject to the pressure dynamics
of the pressure control system (T4, = 73 ms), but a higher flow rate regulator or a

vacuum tank could reduce this significantly.
4.2.4 Electrophysiology Algorithms

This section contains details on the methods used in the remaining algorithms required

to fully automate the experiment.
4.2.4.1 Resting Membrane Potential

The resting membrane potential is easily measured in current clamp in the anes-
thetized and in wvitro preparations due to the low variance in the resting voltage
during a “down” state. After break-in, the robot checks the quality of the cell by
performing a membrane test in voltage clamp and then switches to current clamp and
continuously measures the resting voltage. It continuously interrogates the voltage
data using a 0.5 second moving average over the acquired data. The variance of the
0.5 second period is also calculated and the first period acquired with a variance below

0.2 mV? is averaged and used as the resting membrane potential. These parameters
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effectively select for quiescent periods because the variance is much higher during
periods with spikes or subthreshold activity. This measurement is used on-line to

check the quality of the recording following break-in.
4.2.4.2  Membrane Test

The membrane test is performed in voltage clamp by injecting a square wave of volt-
age (20 mV peak-to-peak, 25 Hz, DC offset at -65 mV) and calculating the access
resistance, membrane resistance, membrane capacitance, membrane time constant,
and holding current using charge integration methods [104] given the pipette resis-
tance. The exponential fit and parameter calculations are performed on-line to enable
the robot to check the quality of the recording and decide whether to terminate a
poor recording or continue. The membrane test was performed several times through-
out the experiment to assess the quality and drift of the recordings. The robot also
sends a command to the visual stimulus computer to pause the visual stimulus (TCP
socket connection, pauses the python script) and perform the test. This allows peri-
odic quality monitoring which could also be coupled with future algorithms that could
take corrective action (e.g., retract pipette 10 pm, apply slight positive pressure) to
improve the quality of the recording [30]. Using a voltage clamp membrane test does
increase the risk of damaging the cell from frequent switching between current clamp

and voltage clamp, but this occurred in less than 10% of recordings.
4.2.4.83 Action Potential Detection

After the membrane test is performed and the resting potential is measured and both
are found to meet the quality thresholds, the algorithm will inject a series of current
pulses (600 ms) increasing in 20 pA steps while measuring the voltage response. If
the recording contains a spike during the injection, the algorithm will detect them by
searching for voltages greater than -10 mV. If found, the robot will continue to the

next stage of the experiment. If the cell is lost or a glial cell is found, the current pulse
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amplitudes will increase until the average voltage during the injection is greater than
-20 mV whereupon the robot has determined that it was unable to elicit spikes and
will retract the pipette. Note that if any spontaneous spikes occur during a current
injection, this will also cause the algorithm to decide that the cell does indeed spike

and will continue with the experiment.
4.2.4.4 Measure Rheobase

After the cell has passed the quality control checks (access resistance, membrane
potential, spiking) and after a three-minute waiting period, the robot injects another
set of increasing current pulses while monitoring for spikes to measure the rheobase. If
spikes are found, that same current is injected an additional two times to confirm that
the current is able to consistently elicit spikes. This approach accurately measured the
rheobase, to within 20 pA, in all our recordings except for a fast spiking interneuron
which had such a high level of spontaneous spiking activity that spikes occurred in
during most current injections despite being far below the rheobase. In this cell it

severely underestimated the rheobase.
4.2.4.5  Current Injections

After measuring the rheobase, the robot injects an appropriate range of currents
to measure the IV relationship, evoked spike rates, sag currents, and adaptation
properties of the cell. It injects from -0.5x to 1.5x the rheobase divided into 20 steps.
The 20 current injections are repeated three times to control for in vivo variation and
spontaneous activity; more repeats may be necessary for highly active cells. Some
reports use up to two times the rheobase [147], which we found to be excessive and
degraded the quality of recording in some cells. These current injections were 600 ms
in duration. We found that one second durations led to slow depolarization of the

cell and damage to the seal.
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4.2.4.6  Capacitive Compensation

To increase the accuracy of the measured voltage, capacitive compensation is built
into the amplifier to correct for the capacitance and series resistance of the pipette
[150]. We integrated the robot with the amplifier control software (3rd party DLL
interface) to use the automated capacitive compensation and estimation routines
within the amplifier software. These calculate an approximate pipette capacitance
that the robot then uses during current clamp. However, if the estimated capacitance
is too high it can destroy the cell in current clamp mode so only 80-90% of the
capacitance value was used by the robot. This was a reliable and moderately accurate
method. The capacitance value is determined after the gigaseal has formed and before
breaking in. After break-in has occurred, the robot performs a membrane test followed
by a switch to current clamp whereupon it sets the capacitance compensation value
in the amplifier software. This type of automated adjustment is only available on
computer-controlled amplifiers (e.g., Multiclamp 700B, EPC10)

Software controlled amplifier adjustment is a recent development, with the first
computer-controlled amplifier published in 1995 [132, 131] and now heavily used in
vitro by automated patch systems [76]. It has not been used extensively in vivo due
to the small number of possible simultaneous recordings. It is, however, a critical

feature for this to be a fully automated.
4.2.4.7 Bridge Balance

The automated amplifier used here (Multiclamp 700B) also incorporates an auto-
mated bridge balance adjustment feature in its software, but was non-functional when
using their DLL interface. However, the bridge balance value was adjustable in soft-
ware so we integrated an automated bridge balance algorithm similar to the one
described by Sherman-Gold [130], although ours is less aggressive (500 pA injection

versus 5 nA). Using a 150 Hz square wave 500 pA peak-to-peak in current clamp
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Figure 35: Plot showing the effects of over and undercompensating for the bridge
balance. The red dots denote the samples that are compared during the on-line
bridge balance adjustment to measure the degree of additional adjustment needed.
The driving square wave is 150 Hz, 500 pA peak-to-peak, and the red dots are 150
ps to either side of the square wave transition.

mode, the bridge balance compensation is adjusted until the offset between the peri-
ods of positive and negative current injection are zero as shown in Figure 35. This
is easily measured by comparing two samples 250 ps on either side of the transition

point in the square wave (red dots) and adjusting the balance they are within 5 mV.
4.2.4.8 Return to Neuron Hunt

In the original autopatcher algorithm, there exists an option in the gigasealing stage
to return to neuron hunt if the resistance decreases after detecting a cell. When
gigasealing begins, there is a 10-second waiting period before the low positive pressure
is released and if the resistance drops indicating that the cell has moved away from
the pipette, the algorithm will return to neuron hunting. This threshold for this to
happen was specified as a drop of more than 250 k{2 which proved problematic in

cases where the resistance increase during neuron hunting is between 500 k{2 and
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1 MS2. These large increases are typically ideal, indicating that the membrane will
be pressed up tightly against the tip of the pipette once the pressure is released
and that the gigaseal will form quickly. However, the resistance will often drop 250
k2 during the 10-second wait and the algorithm will return to neuron hunting and
force the pipette further into the cell. The resistance drop in these cases is a small
percentage of the resistance increase (25 - 50%) and the resistance is still far above
the detection threshold so it should not indicate to the robot to return to neuron
hunting. By changing the criteria so that the robot returns to neuron hunting only
if the resistance drops below the detection threshold (we use 350 k(2) rather than
an absolute resistance drop, the algorithm could correctly handle detection events
>500 k€2. This algorithm has been proven in the fully-automated system and with

the traditional autopatching hardware.
4.2.4.9 Data Logging

The added benefit of fully-automated experimentation is the ability to automatically
log all the operational and experimental parameters measured in the experiment.
The cell quality statistics, rheobase, current injections properties, and action potential
properties are all recorded during operation and could be used to control the response
of the robot. This would allow different experimental protocols to be conducted based
on the type of cell detector quality of the recording, maximizing the usefulness of each
recording obtained. This on-line data also enables the robot to adapt the same way

a manual operator would.
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CHAPTER 5

IN VIVO ROBOT VALIDATION

5.1 Introduction

The validation of a new tool is a critical piece of the development process. In the
metrology sciences, when certifying a new length measurement tool, it is compared
against ultra-precise length standards that have themselves been calibrated against
the international standards for length. Historically, these standards have taken the
form of platinum bars of exact length (from 1889 to 1960), the wavelength of atomic
emissions (from 1960 to 1983), and ultimately the speed of light itself (from 1983 to
the present) [142]. While the science of in vivo electrophysiology has yet to reach
this level of precision and global standardization, it is with this perspective that we
undertake the validation of these new automation tools.

In a system of this complexity, it is difficult to foresee which are the most impor-
tant design parameters, interactions, and performance metrics. Continuous in vivo
testing throughout development effectively highlighted the most critical issues and al-
lowed direct comparison with the performance of the original autopatcher and manual
methods. The algorithms, for example, underwent a series of revisions based on how
they performed in vivo, similar to the iterative testing procedure used to develop the
original autopatcher algorithms.

One of the major challenges with in vivo testing, however, is the inherent variabil-
ity in the quality of surgical preparation, the geometry of the pipettes, and contami-
nation that can falsely implicate the hardware or algorithm being tested as the source
of failure. This can lead to unnecessary redesign efforts. A better approach is to con-

duct multiple experiments to control for day-to-day variation, especially when the
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performance difference is small or when a small number of data points are obtained
from each experiment. However, this significantly increases the number of experi-
ments required and limits the number of improvements that can be made. This is
one of the main challenges that has limited the progress of the patch clamp technique
over the last few decades. Technique improvements have been made, especially when
driven by a scientific objective, such as developing the original in vivo patch clamp
technique [100, 25], combining two photon imaging to target specific cells [74], devel-
oping a pipette fixation method for freely moving recordings [79], or developing the
original automated patch clamp technique [69], but these typically require extensive
optimization and validation.

The fully-automated robot was also developed over several periods of extensive
in vivo experimentation. There were three main sets of experiments designed to test
the robot in various stages of development. Our first set of experiments was designed
to validate the wire threading, pipette tip positioning accuracy, pressure control, and
amplifier tuning capability of the integrated robot design (Figure 5). We simulta-
neously validated the new state-machine software architecture that incorporated the
original autopatcher algorithm (see Figure 33b) [70]. This led to the discovery of some
of the critical design challenges (pipette insertion into holder, silver wire buckling,
low reliability, etc.) and resulted in several semi-automated recordings in vivo. These
first experiments demonstrated that automation would indeed be possible once all
the subsystems were integrated.

After implementing the necessary improvements, the next set of validation exper-
iments focused on using the robot to characterize the types of cells in the primary
visual cortex (V1) in anesthetized mice. This more complex experiment placed higher
demands on the robot by requiring 20 - 40 min recordings and higher throughput. It

also required additional automation and software features to control the flow of the
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experiment as well as a number of electrophysiological tasks: switching the ampli-
fier between current and voltage clamp, tuning the recording parameters, performing
current injections, assessing cell quality, displaying visual stimulation, and terminat-
ing the recording. However, the 33 automated recordings obtained by the robot still
lacked the stability and resolution necessary for in vivo cell-type characterization.
The average recording duration was only 4.1 min. After exhaustively eliminating all
the possible effects from sub-optimal experimental preparation over the course of 25
in vivo experiments, we concluded that the persistent poor performance was due to
flaws in the architectural strategy of the integrated robot design. This phase of ex-
perimentation also included testing the automated pipette holder prototypes of the
final robot design (Figure 7) that utilizes the entirely new architecture. It showed an
immediate performance improvement during the final eight additional experiments,
yielding an average recording time of 13.7 minutes (for recordings that were at least
4 min in duration). It also yielded four recordings with sufficient duration to per-
form a full characterization of the visual response indicating that the robot is capable
of obtaining stable, high-quality recordings. This was the critical milestone that
showed that an automated system could achieve high quality recordings and eventu-
ally perform the entire electrophysiological experiment which to this point was still
an entirely manual process. This set of 33 experiments and 674 patch clamp trials
was performed in Seattle at the Allen Institute for Brain Science with their generous
support. Several recordings where biocytin reconstructions were attempted showed
significant background staining or lack of visible biocytin. We therefore focused our
efforts on the electorphysiological data collection. We estimate that > 50% of pipettes
that were retracted at 3 pm/s to form the gigaseal reached > 600 M2, necessary for
quality reconstructions. With further improvements in the biocytin concentration,
recording duration, and post processing steps, the robot could potentially be used

for coupled electrophysiological and morphological characterization. For best results,
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multiple craniotomies should be used to leverage the autonomous ability of the robot
to best effect. If only one craniotomy and very few pipette insertions are desired,
manual experimentation may be more efficient.

The goal of the final set of experiments was to demonstrate both full automation
and high quality recordings, which to this point had been only partially demonstrated
in the two previous sets of experiments. Once the hardware was complete for the new
architecture (Chapter 3), and the software architecture and algorithms were devel-
oped to automate the electrophysiological portions of the experiment (Chapter 4), we
demonstrated the quality and full autonomy of the robot by performing an additional
21 in vivo experiments. These yielded 39 recordings with 16 of sufficient duration for
visual response characterization. A total of 699 patch clamp trials were performed by
the robot. The robot now routinely acquires 1 - 3 high-quality long-duration record-
ings per experiment and in two separate instances obtained two whole-cell recordings
in sequence, completely without any human interaction. The robot still benefits from
occasional human intervention to adjust the target position in the craniotomy after
several pipette insertions, to check for bleeding, and to refresh the artificial cerebral
spinal fluid (ACSF) on the surface of the brain. However, the labor-intensive tedious
process of replacing pipettes and manipulating long electrophysiological recordings,
has now been reduced to a simple supervisory task that requires minimal training
and requires little attention. This design is ready for parallelization and enables
high-throughput in vivo whole-cell patch clamp recordings.

These final 39 recordings were obtained in the primary visual cortex (V1) of mice
with the goal of investigating the role of layer 5 (L5) cells and their unique intrinsic
properties. The following sections will discuss the physiology of L5, our experimen-
tal methods, the quality of the recordings obtained by the robot, and conclude by
comparing the intrinsic and functional properties from our recordings with current

literature.
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5.2 Cell Types and Electrophysiology of Layer 5

L5 in the visual cortex has garnered significant interest due to its role as an output
layer from the cortex to many other functional areas including projections to subcor-
tical areas [65, 145, 11, 45, 49, 55, 56, 63, 154] and higher visual areas [65, 95]. L5
pyramidal neurons in V1 are thought to modulate subcortical regions in response to
motion in the visual field and also transmit information to secondary visual areas.
Most studies have analyzed the intrinsic and functional role of these cells using patch
clamp recordings in vitro [77, 44] or used two-photon microscopy in vivo [65, 95, 51].
However, very few studies have used patch clamp recordings in vivo in V1 L5 with
visual stimulus. The n vitro studies have shown intrinsic bursting and back prop-
agating action potential (bAP) physiology similar to those observed in L5 of the
vibrissae pathway in rats [78, 120, 51] and mice [58]. Patch clamp recordings have
also been used extensively in V1 layer 4 of mice to characterize the cells that receive
the majority of the sensory input from the thalamus [84, 85, 86]. Recent work in layer
6 also employed large-scale in vivo patch clamp recordings (80 recordings, 16 mor-
phological reconstructions) to show the intracellular and morphologically correlated
cell-type specific behavior. We deployed the robot in L5 to both validate the robot
and support the ongoing efforts to characterize the functional cell types in V1.
Previous studies have shown at least three main types of visually active pyra-
midal cells in L5 [65, 95]. These types are usually characterized by the targets of
their axonal projections including cortico-cortical (CC), cortico-subcortical (CS), and
cortico-cortical /non-striatal (CC-NS). The classification schemes are constantly being
revised and complemented by additional simultaneous measurements on additional
measurement axes (e.g., transcriptomal, morphological, physiological). This is typical
in general within every major cell-type classification scheme throughout the brain [43]
and we can expect these to be refined further as new information becomes available.

The three types in L5 are also defined by the morphology of the dendritic arbor; CC
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cells have a thin apical dendrite and small apical dendritic tuft; CS cells typically have
thick apical dendrites and an extensive tuft arborization; CC-NS cells have similar
arborizations to CC cells.

These cell types are also classified by their intrinsic electrophysiological proper-
ties. Three of the most prominent features of CS cells in L5 are 1) a large dendritic
calcium current that occurs at the main bifurcation point in the apical tuft, 2) back
propagating action potentials, and 3) intrinsic bursting behavior [78, 20, 51]. Inter-
estingly, although the bursting and the calcium currents are highly correlated, they
seem to be driven by two separate mechanisms when they occur in the hippocampus
[33]. Bursts are thought to be involved in coincidence detection [129] and can often
induce dendritic calcium currents which may play an important role in plasticity by
effecting long term changes in the dendritic arbor and postsynaptic cells [75]. Bursts
are also more informationally rich, possibly to enable more reliable signal transmission
in certain brain areas [89]. Bursting is also thought to be a second “state,” possibly
enabling multiple signal processing modes within the same cell [112].

Back propagating action potentials occur when high frequency action potentials
occur in the soma and cause a depolarization of the dendritic arbor. This back prop-
agation is Na® channel mediated and causes an increase in dendritic Ca’* currents,
further increasing the sensitivity of the apical tuft. For somatic action potentials oc-
curring at >100 Hz (critical frequency), the back propagating signal can cause a large
depolarizing Ca’* current which can lead to bursting [129, 77]. This effect has been
extensively studied in vitro [77], extracellularly [17], and intracellularly using sharps
electrodes [61] and is thought to play a role in plasticity by affecting various Ca’*
mediated pathways [51, 62]. This mechanism forms a method for reverse information
transfer between the somatic compartment and the tuft [136, 149]. These Ca’* cur-
rents have been linked to sensory input in the vibrissae pathway and place-cell firing

in the hippocampus [51, 93, 33]. However, the functional role of these large calcium
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currents, bursts, and bAPs have yet to be determined in V1 L5.

In the recent work using two photon imaging, genetically encoded calcium indica-
tors, and transgenic and viral morphological reconstruction methods, they identified
the visual spatial frequency tuning, orientation tuning, and bandwidth for each cell
type in L5 and correlated their function with their long range connectivity. They
effectively characterized the spiking behavior and output characteristics on a large
scale (~1500 cells) [65, 95]. There still exists a major gap, however, in identifying
the function role of the unique intrinsic behaviors of L5 cells. Their existence and
potential role has been explored in vitro but a functional link is still unknown. Cur-
rently, patch clamp recordings are the only available method for obtaining the long
duration intracellular recordings needed to correlate these effects with sensory stim-
uli. Calcium indicators lack the temporal and subthreshold resolution necessary to
record these behaviors in vivo.

While a full characterization of functional L5 physiology is beyond the scope of
this work, we will discuss a preliminary analysis of bursting, bAPs, and the general
cell types (bursting and regular spiking) observed by the fully-automated robot during

our n vivo validation.

5.3 DMethods

We performed in vivo patch clamp recordings in 8 - 14 week old C57BL/6 mice
(Charles River Laboratories International Inc.). For the patch clamp recordings, the
stock intracellular solution contains 135 mM potassium gluconate, 10 mM HEPES,
4 mM potassium chloride, and 1 mM EGTA dissolved in deionized H20 with the pH
adjusted to 7.30 using 1 pl. additions of 8 N KOH being careful to wipe down the
exterior of the pipette tip for more accurate additions. This stock solution is first
prepared in a 50 mL batch, aliquoted into 4 mL volumes in 5 mL cryogenic vials

(Globe Scientific Inc., 3015), and stored at -50° C. 8 mL of stock solution are thawed
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as needed and 0.3 mM GTP-Na, 5 mM ATP-Mg, and 10 mM Nag-phosphocreatine
are added. The pH is then readjusted using 8 N KOH to 7.25 and aliquoted into
32, 0.5 mL centrifuge tubes (Eppendorf 022363611) (250 pL in each), stored at -50°
C, and used within 6 months. This is based on a protocol developed by Yang Dan’s

laboratory. The complete protocol with minor edits is included in Appendix A.
5.3.1 Surgical Preparation

The surgical preparation consists of implanting a titanium headplate on the skull of
the mouse to increase the stability of the recordings. First, anesthesia is induced using
5% isoflurane in 100% oxygen followed by 1.1 - 1.5% for maintenance during surgery.
The skull of the animal is positioned in a stereotax (Kopf 963, 923-B, 922) using non-
rupture ear bars. Ophthalmic ointment (Puralube) is applied to the eyes to prevent
the formation of cataracts. Meloxicam (0.2 - 1.0 mg/kg), atropine (0.05 mg/kg), and
buprenorphine (0.05 - 0.1 mg/kg) are administered after induction. Meloxicam and
buprenorphine help reduce brain swelling and variability between animals by reducing
inflammation and reducing the sympathetic response. Optionally, dexamethasone
(3.2 mg/kg) can administered ideally between 8 and 12 hours prior to surgery (can
be given a minimum of 2 hours before) to help reduce brain swelling. Atropine helps
reduce airway secretions and reduces gasping, especially during long experiments (>1
hr under anesthesia).

Once the animal is positioned in the stereotax, a mid-line incision is made along
the scalp using a #10 scalpel and a small portion of the skin is removed to expose
the top of the skull (approximately 8-10 mm in diameter). The residual fascia and
periostium should be removed to allow good adhesion between the dental cement and
the skull. The muscle connections on the lateral and posterior edges are detached and
retracted 1 mm using a #11 scalpel. The muscle is affixed using surgical adhesive

(e.g., Vetbond) to expose the corner transition between the top and sides of the skull.
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Figure 36: (a) Dimensioned drawing and (b) photograph of the headplate that is
surgically implanted on the skull of the mouse. The Y shaped tabs are held in clamps
to provide mechanical stability during the experiment. (c) Illustrates the locations
where the dental cement should be applied (white fillets). Lambda and bregma are
also labeled inside the 11.5 mm opening in the headplate (L and B). The headplate
design and surgical technique were developed by the Allen Institute for Brain Science.

The skull is then leveled with respect to lambda and bregma using the stereotax,
and the titanium head post (see Figure 36a-b) is placed on the surface of the skull.
The inner apical edge of the 11.5 mm diameter opening in the headplate should be
positioned approximately 1.25 mm anterior to bregma and centered laterally. Dental
cement (Metabond Parkell, S371, S398, S396, S387) is applied on the underside and
vertical edges of the headplate around the periphery of the opening and around the
entire perimeter near the skull (see Figure 36¢). This surgical technique was developed
by the Allen Institute for Brain Science.

Two craniotomies were made at 1.25 mm anterior and 2.25 mm lateral to lambda
in both hemispheres. A high-speed dental drill (American Rotary Tools Company,
ECO0450, 1/8” collet), with a 250 pm diameter square end mill, is attached to a 3-axis
manipulator to allow precise control of the drilling location and depth. After locating
the end mill above the desired location on the skull, the manipulator lowers the drill
190 pm from the surface of the skull to drill a precise craniotomy. This technique is
based on the automated craniotomy robot but operates without using the electrical
feedback [114]. Vascularization in the skull above the visual cortex often results in
false positive detections of the brain surface, prematurely stopping the drill. After

the initial drilling using the manipulator, a dental drill (3/32” collet) with a spherical
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dental bur (diameter 250 pm, #1/4 size) is used to manually countersink the area
around the drilling location. The tip of a 29 gauge needle (Excellnt 26018) is then
used to lift the bone island remaining in the drilling location. If not completely
detached, additional manual countersinking around the periphery and mechanical
separation using the needle can separate the island. Extreme care should be taken to
avoid damaging the surface of the brain when removing the bone. The opening in the
skull should be as small as possible (200-350 pm) while exposing sufficient tissue to
allow pipette insertion without damaging blood vessels or contacting the dura. The
dura is retracted by delicately rubbing the dura using the tip of fine (not ultra-fine)
tweezers that are sufficiently rounded to avoid damaging the cortex. Alternatively,
the tip of a 29 gauge needle that has been bent so that the tip points parallel to the
surface of the cortex can be used to cut a slit in the dura and fold it to either side
of the slit. Some groups leave the dura intact to avoid damaging the cortex but we
have found that this increases the rate of clogged pipettes [28].

Throughout the surgical procedure, the surface of the brain and dura should be
kept moist by submersing it in ACSF or 0.9% saline once the bone is removed. While
the dura is being manipulated however, it is most easily visualized and removed
after the fluid has been wicked away. Care should be taken to periodically hydrate
the surface of the brain during this procedure if it begins to dry (every 1-2 min).
Bleeding can be controlled by irrigating with ACSF or 0.9% saline and utilizing
absorbent spears (Kettenbach, Sugi). With careful manipulation of the dura, bleeding
can occasionally be avoided altogether. Clotting on the surface of the brain should
be avoided as it increases the incidence of clogged pipettes even after the clots are
removed. Throughout the remainder of the experiment, the surface of the brain
should be covered by ACSF or 0.9% saline except when positioning the tip of the
pipette above the surface of the brain. If pipette clogging is problematic, several

cycles of irrigation and drying will help remove debris from the area surrounding the
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craniotomy. Filtering the ACSF or 0.9% saline can also reduce clogging. The entire
surgical procedure requires 45 - 90 min. Additional information on our surgical and

experimental methods are detailed in [70].
5.3.2 Recording Protocol

After surgery, the animal is relocated to the electrophysiological apparatus where
the headplate is secured horizontally using aluminum optical filter clamps (Eskma
Optics, 830-0055) and 12 mm optical posts. Isoflurane (0.75-1.1%) in 100% oxygen is
continued throughout the experiment. The level of anesthesia was carefully regulated
as to just suppress the toe pinch reflex. Any additional anesthesia will unnecessarily
suppress additional cortical activity. The temperature of the animal was maintained
at 37° C using a low-noise warming pad (FHC, DC temperature controller FHC-
40908, small heating pad FHC-4090207). If the animal is too cold, the breathing will
slow and gasping will be more evident. Motion of the spinal cord during gasping
causes severe motion artifacts and will effectively prevent gigaseal formation if not
addressed. The posture of the mouse should be adjusted to reduce this motion by
positioning the head of the mouse approximately 22 mm above the warming pad [34].
The breathing rate should be at least 0.5 Hz.

The ophthalmic ointment is removed from the eyes before beginning the recordings
and hyaluronan eye drops and contact lenses (Ocuscience, 2.5 mm) help maintain
optical clarity and to reduce the formation of cataracts. To enable recording from
either hemisphere, two 609 mm monitors were placed in front of the animal at a 55°
angle measured from a vertically oriented plane intersecting the midline of the animal,
and 190 mm from the eye at the closest point. The lower edge of the monitors were
placed 100 mm below eye level so as to cover 74° of visual space in altitude, and 98°
in azimuth. Drifting sinusoidal gratings with spatial frequencies 0.01, 0.02, 0.04, and

0.08 were displayed with a fixed 2 Hz temporal frequency. Eight different grating
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orientations were displayed with a contrast ratio of 0.8. The PsychoPy software
suite was used to generate and display the stimulus with slight modifications for dual
monitor display. The visual stimulus was displayed on the monitor contralateral to the
hemisphere of the recording while the other monitor was kept blank. A photodiode
(ThorLabs, PDA25K) was placed in front of one monitor to directly record the onset
of the stimulus in parallel the recording. Each combination of spatial frequency and
orientation was displayed eight times, in a randomized fashion. Ten seconds of blank
stimulus (gray screen) preceded the first stimulus presentation and followed the final
presentation. Each stimulus was presented for two seconds, followed by a blank
stimulus displayed for one second. For every 10 visual stimulus presentations, a two-
second blank stimulus was also presented. These blank stimuli were also included in
the randomization scheme.

We utilized a Multiclamp 700B intracellular amplifier, Digidata 1440 for data
acquisition, and pClamp 10 software for processing (Molecular Devices LLC). The
liquid junction potential between the pipette and the bath was corrected before neuron
hunting. The bridge balance was corrected using the algorithm in Chapter 4. The
pipette capacitance was compensated in current clamp using 80-90% of the automated
compensation value determined by the amplifier just prior to break in. The recordings

were post processed using MATLAB (MathWorks Inc.).
5.3.3 Pipette Geometry

One of the most critical aspects of high-yield in vivo patch clamp recordings is the
geometry of the pipette tip. We pulled pipettes using 1.5 x 0.86 mm filamented
borosilicate capillaries with fire polished ends (Warner G150-4) using a flaming brown
pipette puller (Sutter Instruments, Inc. P-97) with a 3 x 3 mm platinum box filament.
The puller was adjusted to have the settings in Table 6. The pipettes had an average
resistance of 6.5 MQ2 (6 = 1.1 MQ2) and ranged from 3.9 - 9 MQ. We optimized the

127



Table 6: Pipette puller settings used for 1.5 mm OD x 0.86 mm ID borosilicate
capillaries on a P-97 flaming brown puller. A 3 mm x 3 mm platinum box filament
was used.

Heat Velocity Pull Delay Pressure # Lines # Loops

648 (Ramp + 20) 22 0 0 600 1 5

pipettes to have a wide cone angle at the tip. Figure 37 illustrates the geometrical
features of an optimal pipette and denotes how the cone angle is measured (Figure
37c). Pipettes with a concave taper (Figure 37b, right), are thought to be more likely
to seal poorly and aspirate the cell into the pipette during gigasealing whereas a
convex taper (Figure 37b, left) is thought to increase the gigaseal resistance, improve
the probability of a successful break in, and prevent aspiration of the cell. Some
groups include fire polishing or other procedures to maximize the smoothness of the

tip and this cone angle [105, 148, 42].

The two right images of Figure 37a and the one in Figure 37c¢ were acquired using
a 100x water immersion objective on an upright bright-field microscope (Compound
Microscopes CD005A000M) which reduces the aberrations seen in the images acquired
at 40x in the two left images in Figure 37a. This is critical for determining the
real shape of the pipette tip rather than inferring the geometry from the optical
aberrations at the tip of the pipette as is traditionally done by most experimenters.
Terms such as “nubs” or “bulbs” are traditionally used to describe these aberrations
by experienced electrophysiologists to indicate good or bad tip geometry. This manual
inspection technique is highly subjective, making it difficult for new experimenters
to optimize pipette geometry and achieve high yield, especially in vivo where the

experiment is much more sensitive than n vitro.

128



10 ym

Figure 37: Photomicrographs of patch pipettes, focusing on the pipette tip. (ai)
Ideal patch pipette with 0.9 pm tip diameter (6.2 M) resistance) visualized at 40x
magnification objective (left) and 100X water immersion objective (right) in compar-
ison to (aii) a patch pipette with 1.5 pm tip diameter (3.3 M2 resistance) visualized
at 40x magnification objective (left) and 100x water immersion objective (right). (b)
Comparison of a concave tapered pipette which is ideal for in vivo recordings (left)
vs. convex tapered pipettes (right) which result in lower yield (20x objective). (c)
A wide cone angle, measured at the very tip of the pipette (red, 21.5°), is ideal for
high-yield experiments and leads to rapid gigasealing, stable recordings, and requires
fewer break-in attempts and less suction pressure when using the pulse method.
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An automated pipette inspection microscope to rapidly and quantitatively mea-
sure the diameter and cone angle of the pipette tip is detailed in Section 3.11. We
found that the optimal pipette geometry has a diameter between 0.9 and 1.1 pm and
a tip angle >15°. The pipette in Figure 37c has a diameter of 1.5 pm and a cone
angle of 21.5°.

We also compared several different batches of borosilicate capillaries from different
manufacturers and found that it affects the ability of the puller to create the convex
taper at the tip of the pipette. We were advised by Sutter Instruments Inc. that
this is likely due to differences in the composition of the glass, leading to different
glass transition temperatures and the size of the glass transition temperature range.
This property likely interacts with the heating and cooling stages of pulling where
glass that solidifies more quickly during the cooling stage might more easily produce
that convex shape. After the filament is aligned and the optimal puller settings
are found, changing the composition of the glass is the next step towards achieving
optimal pipette geometry. Increasing the pressure setting on the P-97 also enhances
the cooling which will produce a more convex taper.

As previously discussed in Section 3.5, the diameters of the glass capillaries also
vary enough (£2.5%) to affect the diameter and shape of the pipette tip. It can affect
the alignment of the capillary in the filament and change the total thermal capacitance
enough to change the pulling dynamics. We found it was beneficial to measure and
sort the capillaries by their outer diameters to achieve the most consistent size, shape,
and resistance (bin size of 0.02 mm). This also helps prevent erroneous conclusions
when optimizing the puller settings.

In a separate set of experiments performed in collaboration with Yi Liew, we found
that two populations of pipettes with similar average resistances (1 = 5.4 MQ, pg
= 6.8 MQ) had different whole-cell recording yields (Y; = 8.8% n; = 34 trials, Yy =

23% ny = 52 trials) although not statistically different (Fisher’s Exact test p=0.145).
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The pipettes were pulled using the same batch of borosilicate glass, using different
puller settings. All other experimental variables were held constant. Group 1 had a
concave taper and very parallel walls at the tip, whereas group 2 had a convex taper
and a wider cone angle similar to Figure 37ai. This suggests that a wider cone angle
is important for high-yield experiments in vivo and that the resistance alone is not
sufficient.

With the fully-automated robot, there was not statistical difference overall be-
tween the resistance of the pipettes from the entire population and those that achieved
successful recordings, 6.5 M2 (o = 1.1 MQ) and 6.3 MQ (o = 1.2 MQ) respectively
(Student’s T-test p>0.05). The pipettes that achieved whole-cell recordings had re-
sistances between 3.9 and 9.0 M(), similar to previous reports. We also observed
no significant effect from the pipette resistance on the recording duration (ANOVA
F-test p=0.18).

5.4 Results

These results are the output from the final 21 experiments performed by the robot
yielding 39 whole-cell recordings. Data from the prior experiments were omitted so
the experimental parameters, surgical technique, and pipette geometry would be as
consistent as possible. The data show that the robot can autonomously obtain stable,

high-quality whole-cell recordings from multiple cell types.
5.4.1 Recording Quality

We previously defined a threshold for quality recordings as ones with a resting mem-
brane below -55 mV, series resistance below 50 M(2, action potential peak volt-
ages greater than 0 mV, and holding currents at -65 mV of less than 4200 pA.
These are the typical quality thresholds used for in wvivo patch clamp recordings

(69, 30, 39, 84, 66, 100]. For characterizing the visual response, only recordings that
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were of sufficient duration to include a minimum of three repeats of the visual stimu-
lus for all orientations were included (except for cell 16, a putative interneuron, which
only had 1 - 3 repeats).

Figure 38 shows the duration of the recordings, resting membrane potential, series
resistance, membrane resistance, holding current to maintain the cell at -65 mV, and
the spike amplitude, for all 39 cells recorded by the fully-automated robot. There
were 41% of the recordings (16/39) that were a least 14 minutes in duration, sufficient
for measuring the intrinsic parameters and for a partial visual stimulation character-
ization. There were 31% (12/39) with both the intrinsic parameters and the all eight
replicates of visual stimulation. And finally 23% (9/39) of the recordings were of suffi-
cient quality and duration to obtain more than eight replicates of the visual stimulus.
The average recording duration was 19.8 minutes, and ranged from 1 110 minutes. It
requires approximately five minutes at the beginning of the recording to wait for it to
stabilize and to measure the intrinsic parameters by injecting current and conducting
membrane tests in voltage clamp. The visual stimulus then follows and requires 15
minutes to display the eight replicates of orientation and spatial frequency. A few
recordings (12/39, 31%) were terminated early once the 8 - 16 repeats of the visual
stimulus were complete, so the true average maximum recording duration is likely
higher.

The bi-modal shape of the recording durations in Figure 38 suggests that a subset
of recordings are inherently more stable and durations >30 min can be expected.
This improvement occurred after the pipette geometry was optimized (see Section
5.3.3) and the surgical technique improved for making 200 - 300 pm diameter cran-
iotomies. The stability of the recording is a function of the craniotomy size, with
smaller craniotomies showing reduced tissue motion and longer recording durations
[100, 28]. After these changes, the final six experiments had an average duration of

35 min (for recordings longer than 4 min) and 90% of those were terminated early
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Figure 38: Histograms of common quality metrics for the final recordings acquired
by the robot. A total of 39 recordings were obtained in 21 experiments. The holding
current is the amount of current required to hold the cell at -65 mV. The spike
amplitude is measured as the spike peak voltage minus the spike threshold.
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Figure 39: Plot showing increasing recording durations over time as the pipette
geometry was improved and surgical technique was optimized. The cells recorded
during the final six experiments had significantly longer recording times and are more
consistent with other reports of average recording duration. The recordings with an
asterisk were terminated once the visual stimulation was completed.

after completing 16 repeats of the full visual stimulation protocol (see Figure 39).

This performance compares well with other reports for recording durations in vivo
(20 min [30], 8 - 30 min in awake mice [100, 28], 10 - 150 min in awake bats [25]) and
with the original autopatcher (56.6 £44.2 min in anesthetized mice [69], ~45 min in
anesthetized mice [70]).

Series resistance, combined with the capacitance of the pipette, has a filtering
effect on the recorded voltage, reducing resolution. The amplifiers can compensate for
a portion of the pipette capacitance and series resistance but this can cause instability
and large voltage oscillations that can destroy the cell. It is advantageous therefore,
to reduce this resistance as much as possible experimentally by keeping the tip of
the pipette clear of debris. In witro, the pipettes and experimental conditions can be
optimized to achieve <15 M of series resistance [126] but due to the difficulty in
obtaining n vivo recordings, a larger resistance is tolerated. The original autopatcher
had an average series resistance of 50 M with a wide standard deviation (18.9

MQ) similar to another group that also using an automated patch clamp system (52
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MS) [28]. These are similar to those seen in most manual in vivo recordings [100,
30, 71]. Using the pressure control system developed here and the same algorithms
as the original autopatcher, the average series resistance was reduced to 27.9 M()
(o = 10.2 MQ) showing a statistically significant improvement in the mean (two-
tailed Student’s T-test, p<0.05) and variance (F-Test, p<0.05) as shown in Figure
40 “control box.” This demonstrates the performance and repeatability benefits from
using electronic pressure regulation in place of syringes or mouth pipetting. The
figure also shows additional improvement using the feedback-controlled ramp break-in
algorithm discussed in Section 4.2.3 that further reduced the average series resistance
to 21.6 MQ (two-tailed Student’s T-test, p<0.05) and exhibited a similar variance (o=
10.2 M€, F-test, p>0.05). This represents a significant improvement over the series
resistance typically seen in manual in vivo experiments and approaches the levels
seen in in vitro and during two-photon targeted experiments [67]. We also obtained
very low series resistance recordings in a 14-week-old animal where we obtained three
recordings with an average series resistance of 17.7 M(), significantly lower than those
reported in the literature for animals of this age (~100 M) [100].

The average resting membrane potential was -70.1 mV which was lower than that
of the original autopatcher (-61.2 mV, Student’s T-test, p<0.05) largely due to the
4 - 6.3 mV difference in the Goldman-Hodgkin-Katz potential calculated from the
composition of the internal solution, -63.5 mV and -57.2 mV for the solutions used
in the robot and the autopatcher respectively. This effect also affects the holding
current required to maintain the cell at -65 mV in current clamp. The robot had
an average 38.7 pA holding current compared to the -8 mV pA in the autopatcher.

Overall, values are similar to those seen during manual experiments [69, 100].
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Figure 41: Plots showing evoked spiking behavior while injecting three 1.8 ms cur-
rent pulses with frequencies ranging between 25 - 100 Hz with an amplitude between
800 - 1000 pA. (a) Shows the response for a bursting neuron, and (b) shows the same
for a regular spiking neuron. We did not observe any afterdepolarization following
the third spike in any of the cells (n=7) which would have been confirmation of a
bAP and dendritic calcium current. The dashed lines delineate the expected region
for these depolarizations.

5.4.2 Back-Propagating Action Potentials and Bursting

Back-propagating action potentials were originally characterized in vitro through si-
multaneous patch clamp recordings in the soma, apical dendrite, and basal dendrites
(77, 120, 129, 109] with one instance of two photon guided dendritic recordings in
vivo. Due to the challenge of dendritic patch recordings and simultaneous recordings
i vivo, the functional correlate of this bAPs is still unknown.

Figure 41 shows our results from current pulse injections (25 - 100 Hz) designed
to induce bAPs. For both bursting (n=4) and non-bursting cells (n=1) we saw no
evidence of the characteristic after depolarizations (ADP) as seen by others in vitro
(77, 129, 120] for current pulses with frequencies beyond 100 Hz. They do report
instances where dendritic spikes produce no visible ADP at the soma [77] similar to
our observation. This could indicate that the in vivo extracellular environment or

spontaneous inhibitory network activity may suppress this effect.
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Figure 42: (a) Plot showing the failure of current injections to reliably evoke bursts
at 1.5x the rheobase. (b) Bursting that occurred during current injections was likely
due to concurrent spontaneous activity. Arrows denote doublet bursts. Rheobase was
80 pA.

In addition, we were unable to reliably evoke bursting using somatic current in-
jections in spontaneously bursting cells for moderate amplitude current injections
(1.5x rheobase, Figure 42a), different from reports in L5 of the rat barrel cortex [51]
where somatic current injections elicited bursts and dendritic calcium spikes. Bursts
did occur during current injections but seemed to require the addition of ongoing
spontaneous activity (Figure 42b).

Overall, we observed somwhat sparse bursting activity similar to observations in
L5 of the somatosensory cortex where | 15% of APs were part of a burst [75]. In one
cell with more frequent bursting activity, we observed very specific direction tuning
aligned with the preferred spiking orientation, with a moderately broad orientation
tuning curve. It had very little spontaneous bursting activity indicating a higher
signal-to-noise ratio than individual spikes, similar to observations in freely viewing
monkeys [90]. This suggests that bursting is a critical visual processing feature of
V1 L5 neurons and likely requiring large data sets and long duration recordings to

adequately correlate sensory stimulus with intracellular activity.
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5.4.3 Visual Response

In our analysis of the visual response, we found that 87.5% of the cells in our data
exhibited a statistically significant spiking response to visual stimuli. We compared
the number of spikes per one-second interval of visual stimulus to the number of spikes
during the one-second blank periods between stimuli. The results were approximately
Poisson distributed with some non-ideal dispersion where p < o (ideally p = o? for
a true Poisson distribution) and from some zero inflation (i.e., results dominated
by many one-second periods with zero spikes). A goodness of fit test using the y?
distribution to test the appropriateness of the Poisson distribution was unsuccessful
due to the low number of counts per bin, even with bin pooling. The Poisson rate
ratio exact test was used here despite some dispersion and zero inflation due to
its improved accuracy over the more traditional Wilcoxon-Mann-Whitney test[102].
Alternative to the ratio exact test, more advanced methods such as the negative
binomial distribution could more effectively account for dispersion and zero inflation.
Table 7 shows the spike counts, the number of one-second intervals, the p-values using
the rate ratio exact test, the calculated rate ratio (A,/h,) assuming a perfect Poisson
distribution, and a rate ratio calculated from a Poisson regression.

We confirmed the test by dividing the periods of blank stimuli from a single
recording into two groups and the test did not show significance between them. The
number of spikes during the visual stimulus is a sum from all the responses to all
orientations and spatial frequencies.

In addition to spiking, we integrated the subthreshold activity during the peri-
ods of stimulus and during blanking and 56.3% (n=9/16) of cells had statistically
significant responses (Student’s T-test, p<0.05). This reduced rate is due to the up
and down states that occur during anesthetized recordings. The spikes were removed
from the recording before performing the integration.

We also characterized the strength of visual drive by integrating the subthreshold
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activity during the first 500 ms after the onset of the stimulus and compared it to
the integration of the 500 ms of activity prior to onset. Both this integral and the
integration over the entire stimulus window were calculated relative to a baseline volt-
age equal to the minimum voltage measurement that occurred during the integration
period. Using this onset integration metric, there were 93.8% (15/16) of cells with
significant subthreshold responses to visual stimuli (Student’s T-test, p<0.05).

For comparison, the proportion of visually responsive cells of certain subpopula-
tions in previous studies using two photon calcium imaging was approximately 50%
for awake mice and 84% for animals under 0.2 - 0.75% isoflurane (T1x3-Cre™, Efr3a-
Cre™, Glt25d2-Cret [65], and CT, CC, CS projection neurons [95]). Our recordings
were obtained under 0.75 - 1.1% isoflurane. The metrics used to determine visually
driven cells using two photon imaging (6% - 10% AF/F) and patch clamp record-
ings (Poisson exact test) are not directly comparable considering the different levels
of anesthesia and the challenges with indirect measurement of spiking activity using
genetically encoded calcium indicators. With regards to the proportion of visually
active cells, the largest sources of error stem from the variation in the proportion of
visually active cells depending on the type of indicator used (10-60% [22, 64]). Cal-
cium indicators have yet to be fully validated to determine if they represent the true
proportions of population spiking behavior. They do, however, provide large sample
sizes for measuring spike orientation, direction, and spatial frequency tuning (1000s
of cells).

Figures 43, 44, and 45 show the spiking response from current injections and visual
stimulus for regular spiking (RS) cells (n=>5), intrinsically bursting cells (IB) (n=9),
and for the two putative interneurons recorded by the robot (Cells 16 and 45). The
cell IDs in the figure correspond to those in Table 7. Appendix B shows the ori-
entation tuning plots for the subthreshold integration metrics and spatial frequency

tuning. While in this case we have divided the data into four groups (regular spiking,
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bursting, SOM interneuron, PV' interneuron), based on their electrophysiological
properties, there are clearly multiple cell types within each group. CC, Efr3a-Cre*,
and TIx3-Cret are typically regular spiking; CS, CT, and Glt25d2-Cre™ are intrin-
sically bursting. To link the axonal morphology with the intracellular properties of
these cells, simultaneous patch recordings and morphological reconstructions using
blind methods with single cell transfection [122] or two photon targeted methods
with transgenic or viral targeting [74, 67, 147] would be required.

Negative values exist in the tuning plots when the response falls below the baseline
firing rate (green circles). The variation in the tuning plots is the result of the high
background activity and the up and down states under anesthesia. Light anesthesia
(0.75 - 1.1% isoflurane) led to higher spontaneous firing rates combined with up and
down states. In one cell, only six spikes were present during the two-second period of
visual stimulus and was immediately followed by a bursting up state that produced
46 spikes during the one-second blank period. This significantly skews the average
background firing rate which leads to negative values in the orientation plots. The
average spontaneous firing rate of the IB cells was 1.4 +0.18 Hz compared to 0.46
+0.29 Hz for RS cells (mean + standard error of the mean) and were statistically
different (Student’s T-test, p<0.05). This agrees with previous reports in L5 cells in
the auditory cortex showing that IB cells had a higher spontaneous firing rate than
RS neurons, 3.3 Hz and 1.28 Hz respectively in an anesthetized preparation using
ketamine and xylazine [139]. Similarly, in L5 of the vibrissae pathway under urethane,
the thick tufted cells had spontaneous rates of 3.65 Hz and 1.1 Hz for slender tufted
[26]. These morphologies correlate well with IB and RS cells respectively [65, 95].

Figure 46 shows the orientation selectivity indices (OSI) and direction selectivity
indices (DSI) of the visual spiking response for IB and RS cells excluding the putative
interneurons. Negative DSIs and OSIs and values greater than one are a result of the

variation and negative values in the tuning curves. The variation within and between
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Figure 43: Characteristics of regular spiking neurons. (a) Orientation tuning plots
for spiking. All the tuning plots have been rotated so the preferred direction is
oriented up. The green dots denote orientations with a response that falls below
the baseline activity (negative). (b-d) Current injections for individual cells. (e)
Membrane voltages during visual stimulus (gray bar).
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Figure 44: Characteristics of bursting neurons. (a) Orientation tuning plots for
spiking. All the tuning plots have been rotated so the preferred direction is oriented
up. The green dots denote orientations with a response that falls below the base-
line activity (negative). (b-d) Current injections for individual cells. (e) Membrane
voltages during visual stimulus (gray bar).
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Figure 45: Two interneuron recordings. (a) Orientation tuning plots for spiking.
The tuning plots have been rotated so the preferred direction is oriented up. The
green dots denote orientations with a response that falls below the baseline activity
(negative). (b and e) Membrane voltages during visual stimulus (gray bar). (c and
d) Current injections for individual cells. Cell 16 is a putative SOM+ interneuron
characterized by a strong h-current and low spontaneous firing rate. Cell 45 is likely
a PV+ interneuron judging by its high maximum firing rate (~400 Hz).
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Figure 46: Orientation and direction selectivity indices for bursting (1), and non-
bursting (2) cells for spiking, subthreshold integration, or subthreshold integration
during the initial 500 ms of stimulus onset.

the two groups is much larger than reported by studies using two photon imaging
(65, 95], but is similar to the variation seen in patch recordings in L6 [147] although
they had a much lower spontaneous firing rate. Patch clamp recordings are limited
in the number of replicates of the visual stimulus it can display during the 30-minute
recording whereas many replicates are possible with two photon imaging. They also
improve consistency by targeting an identified subpopulation of cells and select for
ones with a strong visual response whereas these data show the heterogeneity in L5
cells using a broader sampling method. A subset of the IB cells (7/21) exhibited bursts
with subsequent voltage plateaus at -10 to -15 mV (see Figure 47, similar to those
observed in the hippocampus [36, 141, 93] and cerebellum [91]). In the hippocampus,
they are elicited by place fields in a robust manner during freely moving recordings.
The functional role of bursting in V1 L5 remains unknown. To the author’s knowledge,

this is the first evidence for voltage plateaus in mouse V1 L5. This highlights the
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need for additional intracellular recordings to correlate bursting and plateaus with
sensory input or behavior. In L5 of the rat primary somatosensory cortex, 15% of
spikes form part of a burst, making them somewhat rare. For such a potent signal,
this certainly seems appropriate especially considering the added effects of plasticity
within the apical tuft due to bAPs and potentiation of downstream targets [27]. In
our recordings, bursts were similarly infrequent preventing correlation with the visual
stimulus. The patch clamp technique is currently the only method for observing
these behaviors and to determine their functional role in wvivo. However, due to
the high spontaneous firing rate and low bursting frequency, it will require a large
number of recordings to obtain sufficient statistical power. Due to possible effect of
bursting on plasticity, the preferred stimulus may also be better elucidated during
awake recordings while presenting novel visual stimuli. These challenges highlight
the need for high-throughput automated recording methods.

Of the 16 recordings, two were likely interneurons judging by their intrinsic firing
behavior. Approximately 30% of cells in L5 are interneurons [49] showing that there is
a bias in the robot towards pyramidal cells (only 5%, 2/39, were interneurons). Figure
45a-c (cell 16) is possibly a somatostatin positive interneuron (SOM™) exhibiting a
strong h-current and rebound behavior [94, 97]. The intrinsic parameters of this
cell also agree well with those identified by others [23, 152] such as a high resting
membrane potential (-56 mV) and a low spontaneous firing rate (0.05 Hz) [96]. The
spike adaptation behavior of this cell is also similar [97]. SOM™ cells in L5 are often
Martinolli cells [107] and may have similar role to those in the hippocampus where
they regulate the bursting behavior of pyramidal cells [124, 41]. The axons of SOM™
cells in layers 4 and 5 project densely to layer 1 [97] coincident with the apical tuft of
L5 pyramidal cells which have been shown to be involved in L5 cell bursting behavior
[145, 77]. There were too few replicates of the stimulus to establish the visual response

of this cell.
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Figure 47: Plots of the different bursting modalities in L5 V1 pyramidal cells. (a-b)
Show a -10 to -15 mV voltage plateau in a subset of bursts similar to those in the

hippocampus and cerebellum. (¢) A more typical bursting behavior for comparison.
(a) Is from cell 14, (b) is from cell 23, and (c) is from cell 43.
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Figure 45a,d-e (cell 45) is very likely a parvalbumin positive (PV™) interneuron
due to its high max firing rate (~400 Hz) and large after spike hyperpolarization
(AHP) [54, 125, 101]. The PV™ cells are thought to linearly modulate activity in the
visual cortex [6] and are highly visually responsive (79% of all PV* cells) with some
orientation tuning [96]. The cell in Figure 45a demonstrated good orientation tuning

and some direction selectivity consistent with previous reports.

5.5 Conclusions

We validated the robot by acquiring 39 high-quality recordings in vivo in a fully-
automated and systematic manner representing the transformation from a highly
skilled manual technique to a robust, robotic tool. The quality of the recordings is
seen in the average recording duration (19.8 min), the low average series resistance
(21 MQ), and agreement with published physiological results. We now have a tool
capable of high throughput in vivo cell-type characterization necessary for acquiring
the sample sizes to correlate rare intracellular events with sensory stimuli. We also
showed the large variation in L5 visual responses through a blind sampling of bursting
and regular spiking cells, motivating the need for larger sample sizes afforded by au-
tomated systems. Finally, we observed the previously unreported presence of voltage

plateaus in L5 IB cells similar to those found in other brain regions.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The immense complexity of the brain presents significant instrumentation challenges
as we seek to characterize basic function of individual cells, networks, and entire
regions. Recent advancements in two-photon microscopy, genetically encoded calcium
indicators, calcium dyes, voltage sensitive dyes, and electrode arrays enable thousands
of cells to be recorded simultaneously. While these tools have dramatically accelerated
our understanding of neural function on the network level they have limited resolution
to record the single cell subthreshold activity critical to cellular level computation.
Of the intracellular recording methods, patch clamp recordings are the only method
with sufficient stability and resolution for correlating subthreshold events with in vivo
function. Due to the difficulty of the experimental procedure in vivo, only single patch
clamp recordings were possible until recently [68]. The highly skilled and manual
nature of the experiment limits the throughput, introduces variability, and prevents
large scale systematic studies of brain regions with this resolution.

This work addresses these issues by quantitatively characterizing the highly-skilled
tasks and incorporating automation systems that increase the repeatability and au-
tonomy of the experiment enabling parallelization and high-throughput cell-type char-
acterization. This work represents the transformation of an experimental art form
into systematic robotic tools. Previous work presented methods for performing the
pipette quality checks, regional pipette localization, neuron hunting, and gigasealing
steps of the experiment [69]. In parallel with this work, others have also developed

methods for precise pipette positioning and pressure control [28]. This work integrates
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the prior advancements with the remaining hardware, software, and algorithms nec-
essary to perform, for the first time, fully-automated serial recordings in vivo without
any human interaction. This effectively removes the human from the loop, reducing
variability and training time, and increases recording quality.

Finally, the robot performed a preliminary survey of the visual response of different
cell types in L5 of the mouse visual cortex demonstrating the ability to repeatably
acquire high-quality, stable recordings. It also showed the need to link the unique
intrinsic intracellular properties of L5 cells with sensory stimuli which is only possible
with whole-cell patch clamp recordings. It also showed the inherent heterogeneity in
L5 and the high spontaneous activity that will require large data sets, enabled by

these robotic tools, to decipher the rich in vivo behaviors found within L5.

6.1 Major Contributions

The major contributions of this work include hardware advancements, algorithm de-

velopments, and physiological observations in L5.

e Demonstrated the first fully-automated serial patch clamp recordings in vivo
without human intervention. In two experiments, three serial recordings were
obtained in a completely autonomous fashion, and up to five serial recordings
were obtained in a single experiment with only minor manual adjustments. It
can perform 40 serial attempts at a time with 83.8% reliability in all the pipette
preparation steps for small craniotomies (250-300 pm diameter), and achieved

a 9.9% whole-cell recording yield.

e Designed, fabricated, characterized, and disseminated the automated pressure
control system now in use by dozens of labs for automated patch clamp experi-
ments. It provides the 800 mBar, 25 mBar, -15 mBar, and -345 mBar pressures,
analog control, and the rapid (7 < 71 ms), accurate, and repeatable pressure

dynamics required for successful break-in [70].
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e Designed, fabricated, and integrated hardware for automated pipette storage,
pipette filling, pipette length measurement, automated pipette holding, wire
threading, precise pipette positioning in the craniotomy, and pipette handling.
Combined with the pressure control system and control software, these systems
automate all of the remaining tasks in a patch clamp trial, removing the human
from the loop. The system enables unattended operation and parallel scaling

[40].

e Developed an adaptive algorithm to choose the moment for break-in for both
fast and slow gigasealing cells using numerical derivatives of the resistance mea-
surements during gigasealing and empirically optimized quantitative decision
criteria that replicates the judgment of an experienced human operator seeking

to maximize the gigaseal resistance without reducing experimental efficiency.

e Developed a feedback-controlled break-in algorithm and supporting hardware
that detects the moment of break-in during a 1.5 second ramp of negative
pressure (0 to -345 mBar) and releases pressure within 30 - 100 ms of detection.
This led to a reduced average series resistance of 21.6 M{2 comparable to that

typically seen in in vitro and in two-photon guided experiments in vivo.

e Validated the fully-automated system in L5 of mouse V1, where it obtained 39
whole-cell recordings, 16 of which included visual stimulation to characterize
the functional intracellular properties of these cells. We report the presence of
previously unreported voltage plateaus in bursting cells and corroborate reports
of high spontaneous activity, varied visual responsiveness, and heterogeneous

orientation tuning in both spiking and subthreshold responses to visual stimuli.
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6.2 Future Work
6.2.1 Pipette Tip Positioning with Feedback

Due to the misalignment of the pipette tip relative to the walls of the capillary,
kinematic constraints are insufficient for increasing the precision beyond the 30 -
60 pm error inherent in the manufacturing process shown here and elsewhere [28].
Therefore either a higher precision pipette puller must be devised or a high-precision
measurement system is needed to track the true position of the pipette tip after
insertion into the pipette holder. Laser-based optical micrometers (Keyence Co.),
small-footprint microscopes (Dino-Lite), or a custom high-resolution optical interrupt
system could be used to sense the position of the pipette tip. The major constraints
are 1) footprint of the sensors in the space near the mouse, 2) electrical interference
in the recordings, and 3) mechanical stability. Depending on the resolution of the
sensors, the accuracy could be improved to within tens of micrometers which would
further reduce clogging, improve reliability, and would be robust to manufacturing
errors. Based on the performance improvements seen in this work from increasing
pipette placement accuracy, this will likely continue to improve the yield of the system.
This feedback would also be generally applicable to other tasks such as targeted viral
injections for retrograde labeling or for more accurate extracellular electrode insertion,

especially for smaller deeper structures.
6.2.2 Algorithms

With a fully-automated robot we can now systematically explore additional algo-
rithms such as methods for reducing series resistance during a recording by perform-
ing slight positional adjustments or pressure manipulations to keep the pipette tip
clear of debris. These are employed in manual experiments and would benefit from
an optimized, repeatable robot that uses the series resistance as a feedback measure-

ment to inform the adjustment methods [30]. This would increase the overall yield
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by compensating for tissue drift in a semi-closed loop fashion.
6.2.3 Miniaturized Automated Patch Recordings

Intracellular recordings in freely moving animals remain an enormous challenge due
to the size of the hardware used to actuate the pipette and amplify the signal. Tissue
motion and low yield also severely limit the throughput and only a few groups have
successfully obtained them [79, 80, 33]. Work is underway to miniaturize the ampli-
fiers [48] and here we show a miniaturized actuation system and custom pipette holder
that could be attached to the head of the animal (Figure 48). It uses piezoelectric
squiggle motors for nanometer resolution motion and has a very small footprint (28
x 13.2 x 7.5 mm). The open loop version of this motor is only 1.8 x 1.8 x 6 mm. The
system also replaces the conventional 1.5 mm diameter borosilicate pipettes with 350
pm diameter fused silica pipettes enabling head mounting and a higher packing den-
sity for multiple simultaneous recordings (Figure 48c) [73]. The system successfully
obtained recordings in vitro (Figure 48h). We characterized the pipette positioning
precision (see Figure 48d-g) and found that some improvements will be necessary to
reduce random error, perhaps by adding a preload to the linear bearing. This design
needs further weight and size reduction by using the open loop squiggle motor, shorter
pipettes, and increased stiffness and precision in the linear bearing to stabilize the
pipette during animal movement [52]. Future work is also required to reduce electrical
noise from the motor and optimize the pipette tip geometry when fabricated from
the fused silica capillaries. The system could then be used on freely moving animals

or as a high-density array (5-25 pipettes) in a head-fixed preparation.
6.2.4 Automated Pipette Holder Array for Multipatching

Simultaneous recordings typically require filling, inserting, and positioning between
two and thirteen pipettes per attempt which begins to consume a larger percentage

of the experiment time per trial. Using automated pipette holders and a precise
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Figure 48: (a) Photograph comparing the conventional autopatcher hardware with
the miniaturized actuator and pipette holder design. (b) Detailed rendering of the
miniature actuator system. (c) Rendering of a 1D radial array of five miniature
actuators. Up to 25 pipettes could be inserted into the same craniotomy with multiple
arrays. (d-g) Measurements of precision of the motor and linear bearing. Further
miniaturizations would enable freely moving recordings.
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pipette handling robot similar to those presented here could significantly reduce the
preparation time and push closer to the theoretical limits of the number of possible
simultaneous recordings in vivo. Figure 49 shows a completed design for a more com-
pact, automated pipette holder with an integrated v-groove, seals, and wire threading
mechanism. Pipette change times could be reduced in manual experiments to 3-10
seconds per pipette and would enable automated pipette changes with an automated
pipette handling system similar to the one in this work but would require with ad-
ditional degrees of freedom to orient the pipette properly with respect to the axis of

the pipette holder. This could benefit both in vivo and in vitro experimentation.
6.2.5 Integration With Optical Methods

Throughout the design of the fully-automated system, we considered integration with
two-photon imaging and in vitro systems. These systems have even tighter physical
space constraints due to the addition of a microscope objective and supporting optics.
The current solutions for manual methods are to rotate or slide the pipette holder
away from the recording area to replace pipettes. We designed the pipette holder to
have a short pipette insertion distance (4 mm) so that the 3-axis manipulator would
be all that is required to insert pipettes. The end effector of the robot arm was also
designed to have a minimal footprint for inserting pipettes into these tight spaces.
As with the arrays of pipettes mentioned previously, additional rotational degrees of
freedom will need to be added to the end of the robot arm to insert pipettes into a
holder at the angle required to insert the pipette under the objective. The motors
were designed to have sufficient torque to insert pipettes through the o-ring even if
positioned horizontally where the insertion force would be entirely provided by the
motors rather than the stiffness of the bearings as in the case of vertical insertion.
Feedback control of the robot arm joints will likely be necessary in this case so that

the position of the pipette can be maintained while the 3-axis manipulator threads
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the holder (and o-ring) over the pipette.
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APPENDIX A

INTERNAL SOLUTION PREPARATION

K Gluconate Internal in mouse, -70 mV Eg;

Current recipe 2012, from Yang Dan’s laboratory

To make 50 mL of internal solution:

1. Dissolve items in Table 8 in 40 mL ddH 2 O. pH to 7.30 using 8N KOH (Sigma
P4494-50ML).

2. Bring the bulk solution to correct osmolarity: For 0.3% Biocytin internal, or
internal with phosphocreatine, make a “LIGHT” internal: QV to 266 mOsm
(approx. 47 mL final volume). For normal internal: QV to 271 mOsm (approx.

45-47 mL final volume).
3. Filter the bulk solution using 0.2 um centrifuge filter (Edit: optional).

4. Divide into 2.0 mL aliquots in vials with Teflon cap liners and freeze, ok for ~
2 months. Or, store in bulk in the fridge for ~ 1 mo. (Edit: We use 4.0 mL

aliquots in cryogenic vials, Globe Scientific Inc., 3015)

5. To use, add the solutes in Table 8 to each 2.0 mL aliquot: (Edit: quadruple

for 8 mL aliquot)

6. Then, re-pH with KOH to 7.25, and bring the solution to ~ 290 mOsm. Put
the solution into 4, 500 pl aliquots and freeze < - 50° C (Edit: if making 8
mL, aliquot into 32, 250 pL aliquots in 500 pL centrifuge tubes, Eppendorf

022363611). Thaw one before experiment.
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Table 8: Solutes and amounts for preparing 50 mL of stock internal solution.

mM Compound MW g/50 mL

Source

135 K Gluconante 234.2 1.580 g

10  HEPES 238.31 119 mg
4 KCl 745 147 mg
EGTA 3804 20 mg

Table 9: Solutes and amounts to be added to 2

Fluka #60245, 250 g

Sigma Ultra H7523-50G
Sigma Aldrich #204099-50G
Sigma E4378-10G

mL of stock solution (see Table 8)

to prepare the finished internal solution. *if desired. ** It is critical for recording
stability and for plasticity that ATP and GTP be absolutely fresh. No older than 1
month. GTP, ATP, phosphocreatine, and biocytin are all stored below -20° C.

mM  Compound mg/2 mL Source

0.3  GTP-Na 0.3 mg Sigma GSS77-10MG**
4 ATP-Mg 4.0 mg Sigma A9187-100MG
10 Nag-phosphocreatine™ 5.1 mg Sigma P7936-1G

0.66  Alexa Fluor 594 hydrazide 1 mg
OR
0.3 % Biocytin* 6 mg
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APPENDIX B

VISUAL TUNING PLOTS

(continued on next page)
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