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Abstract The activities of groups of neurons in a circuit or brain region are important for
neuronal computations that contribute to behaviors and disease states. Traditional extracellular
recordings have been powerful and scalable, but much less is known about the intracellular
processes that lead to spiking activity. We present a robotic system, the multipatcher, capable of
automatically obtaining blind whole-cell patch clamp recordings from multiple neurons
simultaneously. The multipatcher significantly extends automated patch clamping, or
'autopatching’, to guide four interacting electrodes in a coordinated fashion, avoiding mechanical
coupling in the brain. We demonstrate its performance in the cortex of anesthetized and awake
mice. A multipatcher with four electrodes took an average of 10 min to obtain dual or triple
recordings in 29% of trials in anesthetized mice, and in 18% of the trials in awake mice, thus
illustrating practical yield and throughput to obtain multiple, simultaneous whole-cell recordings in
vivo.

DOI: https://doi.org/10.7554/eLife.24656.001

Introduction
Mammalian brains consist of neurons organized into densely interconnected circuits. Traditionally cir-
cuit-level characterization of neuronal activities has been carried out using extracellular recording
probes (Buzsaki, 2004) or using genetically encoded calcium indicators (Chen et al., 2013). While
these methods reveal supra-threshold spiking activities of individual neurons in a circuit, they cannot
examine synaptic and subthreshold events in neurons, important for understanding the processes
within and between cells that lead to spiking. While a few studies have performed simultaneous
multi-neuron intracellular recordings in vivo (van Welie et al., 2016; Jouhanneau et al., 2015;
Poulet and Petersen, 2008), the difficulty of the technique limits its use.

Recently we developed a robot, called the ‘autopatcher’, that performs fully-automated whole-
cell patch clamping of single neurons in the living mouse brain (Kodandaramaiah et al., 2012,
Kodandaramaiah et al., 2016). The autopatcher uses pipette impedance measurements to hunt for
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neurons, followed by gigasealing and break-in using electronically controlled pressure regulators.
We explored several straightforward attempts to scale up this approach to achieve multi-neuron
recordings, but they exhibited very low yield. From these pilot studies, we hypothesized that robots
engaged in stationary activities, such as the delicate task of gigasealing, would be disrupted by
robots engaged in motion, such as during the task of neuron hunting. Therefore, an optimal combi-
nation of hardware and software should optimize the interaction between stationary and active tasks
across pipettes.

We thus devised interactions between multiple autonomous patch robots, such that when one
was attempting a stationary task, the others would wait before moving. Using this approach, we con-
trolled a four electrode multipatcher robot and used it to perform multi-neuron recordings in the
somatosensory and visual cortices of anesthetized mice, and the somatosensory cortex of the awake
mouse. Under anesthetized conditions, the multipatcher robot obtained dual or triple whole-cell
recordings in 29% of trials, and at least one whole-cell recording in 90% of trials. An individual robot
had the same whole-cell yield when used in our multipatcher robot as it did when working alone
(31%). In awake mice the multipatcher obtained dual or triple whole-cell recordings in 18% of the tri-
als. The robot took 10.5 £2.6 min to complete each trial (summary statistics given as mean + S.D.
throughout the paper, unless otherwise noted), with recordings lasting 14.0 £10.0 min in the awake
head-fixed mouse. Thus, the multipatcher is a practical solution for performing intracellular record-
ings from multiple neurons in the intact brain.

Multipatcher hardware

The multipatcher robot was built by extending some of the hardware components of our previously
described autopatcher robot (Kodandaramaiah et al., 2012). It consists of an array of four robotic
arms for manipulating the patch recording pipettes, patch amplifiers, a signal control box, a com-
puter with an interface board, and a pressure control box (Figure 1, Figure 1—figure supplements
1 and 2, and Supplementary files 1, 2 and 3). The pipette arms’ actuators and motors allowed pro-
grammatic control of the pipettes’ positions during robot operation. The four arms were arranged in
a radial array (Figure 2c) to enable tips of patch pipettes to be positioned and manipulated within
50 pm of each other inside the brain. The internal pressures of the patch pipettes were indepen-
dently controlled using the pressure control box (Figure 1—figure supplement 1).

Robotic arms

The primary components of a robotic arm include the following: patch pipette, pipette holder,
pipette holder extension, and amplifier headstage. The headstage is mounted onto on a program-
mable linear motor using a custom dovetail adapter plate (PT1-Z8 motor with TDC001 controller,
Thorlabs) allowing controlled actuation of the pipette during robot operation (Figure 2a and b). This
programmable linear motor was mounted at an angle of 60° (relative to the horizontal plane,
Figure 2a) using a swivel mount adapter (FG-285210, Sutter Instruments) on a manually controlled
three-axis manipulator (MPC285, Sutter Instruments) to position the pipette outside the brain. Four
such robotic arms were arranged with rotational symmetry (Figure 2c and d). This arrangement,
combined with the ability to precisely open arrays of craniotomies (Pak et al., 2015) allowed the tips
of patch pipettes to be positioned and manipulated very close to each other (Figure 2d, inset), as
close as 50 um between tips when positioned on the brain’s surface.

Signal control box

Signals from the amplifier headstages are sent to two dual-channel patch amplifiers (Multiclamp
700B, Molecular Devices). Amplified signals were digitized in two computer interface boards: a com-
puter interface board present inside the signal control box, and an external computer interface
board, or digitizer (Figure 1—figure supplement 1). The computer interface board inside the signal
control box (cDAQ-9174 chassis with modules NI 9215 for analog inputs, NI 9264 for analog outputs
and NI 9375 for digital outputs, National Instruments) was utilized for multipatcher operation and
the digitizer (Digidata 1440B, Molecular Devices) was dedicated to data-acquisition after whole-cell
patch clamp recordings were obtained. Command signals to each patch amplifier were sent from
analog output channels on either the cDAQ-9174 (during the multipatcher operation) or from the
digitizer (during whole-cell recording). BNC signaling relays (CX230, Tohtsu) route the command
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Figure 1. Multipatching robot: hardware architecture. (a) Schematic of multipatching robot used for obtaining whole-cell patch recordings from
multiple neurons simultaneously in vivo. The system consists of four robotic arms arranged radially and associated signal and pressure control
hardware. The pipette, pipette holder and the amplifier headstage are mounted to the robotic arms (see also Figure 2). Each headstage is connected
to a patch amplifier, which routes signals to a computer via two computer interface boards. A computer interface board, located within the main signal
control box, also serves to control the pressure regulation device that can apply pressures ranging from —350 to 1000 mBar independently to each
patch pipette (see also Figure 1—figure supplements 1 and 2).

DOI: https://doi.org/10.7554/eLife.24656.002

The following figure supplements are available for figure 1:

Figure supplement 1. Schematic of the pressure control box.

DOI: https://doi.org/10.7554/eLife.24656.003

Figure supplement 2. Schematic of the signal control box.

DOV https://doi.org/10.7554/eLife.24656.004

signals from the computer interface board and digitizer to the patch amplifiers. Amplified signals
from each patch amplifier were sent simultaneously to the analog input channels in both the com-
puter interface board and the digitizer. During multipatcher operation, real time pipette resistance
was computed by acquiring the signals from the patch amplifier for use in the multipatching
algorithm.

Pressure control box

The pressures applied to the pipettes during the multipatcher operation—high positive pressure,
low positive pressure, low suction pressure, and high suction pressure—were controlled using the
pressure control box schematized in Figure 1—figure supplement 2. The pressurized air and vac-
uum inputs are down regulated and switched to control the pressure applied to the pipettes. This
enables independent control of the pressures on each pipette. The output of these electronic pres-
sure regulators (VSO-EV series pressure regulators and OEM-PS1 series vacuum regulators, Parker)
is controlled by 0-5 V analog voltage signals using potentiometers on the front panel of the pressure
control box. These regulators were used to supply the regulated pressure states to the valve bank.
Within the 12-valve bank, a set of 3 three-way solenoid valves (LHDA0533215H-A, Lee Company)
were dedicated to each pipette. Each valve was switched using transistor-transistor logic (TTL) sig-
nals from the digitizer board, connected to the gates of power MOSFETS. This allows the pressure
control box to deliver four pressure states independently to each pipette at various stages (i.e.,
regional pipette localization, neuron hunting, gigasealing, break-in) of multipatcher operation. In
addition to the four pressure states enabled by the pressure control box, one additional state,
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Figure 2. Computer aided design (CAD) rendering and photographs of the multipatcher. (a) CAD rendering
illustrating details of a single robotic arm that allows 3-axis manual motorized and programmatic control of the
pipette’s axial position. The pipette is mounted on a pipette holder, which is in turn mounted on a bearing driven
by a programmable linear motor. (b) Corresponding photograph showing a single robotic arm. Scale bar indicates
50 mm. (c) Top view rendering of the array of robotic arms illustrating relative arrangement. (d) Side view
photograph of the array of robotic arms, with inset showing the arrangement of the pipette tips relative to the
head plate affixed to the mouse, the head plate fixation base, and animal warming pad used in anesthetized
experiments. Scale bars indicate 25 mm.

DOI: https://doi.org/10.7554/eLife.24656.005

atmospheric pressure, is controlled by a three-way valve located adjacent to the pipette holder for
fast switching. The pressure control is instantiated for each pipette independently.
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Multipatcher algorithm

We derived the algorithm for multipatching by iteratively modifying our previously described auto-
patching algorithm (Kodandaramaiah et al., 2012). We iterated through several strategies for hard-
ware and algorithmic control to maximize scaling, yield, and throughput. However, several steps are
common to all the strategies (Figure 3a): First, the experimenter installs freshly pulled patch pipettes
filled with intracellular pipette solution into all robotic arms, coarsely aligns the pipettes over a single
craniotomy, and initiates the computer program used to control the multipatcher robot (time point i,
Figure 3a). The multipatcher robot then performs an initial assessment of the pipettes’ resistances
to ensure their resistances are in the acceptable range (3-9 MQ) (Kodandaramaiah et al., 2016). For
pipettes that are found to be satisfactory, their positions above the brain surface are noted and all
further positions during robot operation are referenced from these initial starting points. The pip-
ettes are then lowered to the desired depths at a speed of ~200 um/s while applying high positive
pressure. Pipettes in different robot arms can be lowered to different depths, thereby allowing
simultaneous recordings, for example, from different layers of the cortex, or even different regions
of the brain (time ii, Figure 3a). Once lowered to depth, the pressures in the pipettes are decreased
to low positive pressure (20-25 mBar) and the pipette resistances are compared to their resistances
recorded outside the brain. If resistance increases greater than 0.35 MQ} are detected in any of the
pipettes, their tips are deemed blocked or fouled and those pipettes are depressurized to atmo-
spheric pressure and their actuator arms deactivated (time iii, Figure 3a). This is analogous to the
“regional pipette localization’ step in the original autopatcher algorithm (Kodandaramaiah et al.,
2012).

After regional pipette localization, the first algorithm development strategy was the simplest to
implement from a hardware design standpoint: a pressure control box with a single pneumatic valve
bank to control pressure state-switching in all the pipettes (Figure 3b and Figure 3—figure supple-
ment 1). This required an algorithm that accommodated synchronized pressure state switching
events in all pipettes. Hence, we first implemented a simple extension of the autopatcher algorithm
(Kodandaramaiah et al., 2012), as shown in Figure 3b. After regional pipette localization (time iii,
Figure 3a), active pipettes proceeded to neuron hunting. Once a neuron was detected, the corre-
sponding motor was deactivated and the rest of the pipettes continued neuron hunting, until all pip-
ettes encountered neurons. Pressure in all pipettes was simultaneously released and gigasealing was
attempted in a manner identical to the autopatcher. In 19 trials (n = 3 mice) where three or more
active pipettes performed the neuron hunting and gigasealing tasks, the multipatcher established
successful gigaseals 22% of the time (15/68 pipettes, 19 trials; 8/76 pipettes were deactivated at the
end of regional pipette localization stage due to tip blockage). The pipettes reaching neurons last,
and thereby attempting to establish gigaseal immediately, successfully formed gigaseals 36.8% of
the time (7/19 pipettes). In the rest of attempts, successful gigaseals were formed 16.3% of the time
(8/49 pipettes). Thus waiting significantly lowered gigaseal yield relative to both not waiting and pre-
viously reported gigaseal yields (van Welie et al., 2016).

We analyzed the resistance measurements for these “waiting’ pipettes and found that in some of
them, while waiting for other pipettes, their resistance had fallen to the pipette resistance measured
before contact with a neuron (20% of the time, 10/49 trials). This indicates that tissue displacements,
caused perhaps by either motion of other pipettes in the brain or the force of the ejected intracellu-
lar pipette solution, was large enough to dislodge neurons. Further, only 20.5%, 8 out of the remain-
ing 39 pipettes, established successful gigaseals, even when elevated resistance readings, indicating
proximity to a neuron, were observed. We hypothesized that the constant exposure to the intracellu-
lar pipette solution while waiting possibly had a deleterious effect on the neurons, resulting in lower
rates of gigasealing.

Other issues encountered during this strategy were that the movement of pipette actuator arms
during neuron hunting resulted in electrical noise, and when coincident with the resistance measure-
ments in other channels, resulted in spurious readings. Thus, the resistance measurements in all
channels needed to be synchronized when pipettes were performing neuron hunting. Also, this
approach did not take into consideration brain tissue displacement caused by the motion of multiple
pipettes in brain. Since encountering a neuron during blind in vivo patch clamping is a random pro-
cess, multiple autopatchers running independently encounter neurons at different times. This could
cause a problem, for example during gigasealing (DeWeese, 2007), when it is critical to prevent any
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Figure 3. Development of the multipatcher algorithm. (a) The initial steps of the multipatcher algorithm: (i) The
experimenter manually positioned the pipettes in contact with the cortical surface. (i) The robot automatically
lowered all pipettes to the desired target region in the brain. (i) Clogged pipettes were detected and
deactivated (grayed out pipette). The pipettes that were still active continued seeking for neurons. The black box
in iii denotes the region zoomed in in the next figure panels. (b) Schematic of the first development iteration: (iv)
active pipettes continued hunting for neurons. (v) whenever a pipette encountered a neuron (red box) the
corresponding motor was deactivated, while the rest continued seeking for neurons. (vi) in this example, all active
pipettes have made contact with neurons (red boxes). (vii) gigasealing was attempted simultaneously in all
pipettes, by releasing positive pressure, applying suction pressure and applying hyperpolarizing voltages
synchronously. (viii) Breaking-in was then attempted synchronously in all cells with successful gigaseals. (c)
Schematic of the second development iteration: (iv) active pipettes continued hunting for neurons, moving at
steps of 2 um. (v) each time a pipette encountered a neuron, it was retracted back by 30 um (black arrow), and
held in that position. (vi) once all pipettes had performed this step, all pipettes were simultaneously lowered down
to the positions where they had previously encountered neurons (black arrows). (vii) synchronous gigasealing was
attempted. (viii) synchronous break-in was attempted in all gigasealed neurons. (d) Third and final development
iteration: (iv) The multipatcher moved the pipettes simultaneously at 2 um steps (black arrows). (v) when a pipette
detected a neuron, all pipettes were halted. (vi) gigasealing was attempted on the single pipette that had
detected a neuron. (vii) After the gigasealing procedure was completed, whether successful or not, the remaining
pipettes resumed neuron hunting. Steps iv to vi were repeated until gigasealing had been attempted on all active
Figure 3 continued on next page
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Figure 3 continued

pipettes. (vii) pipettes with resistance greater than 1 G2 were selected by the algorithm to continue to break-in
stage. (viii) Break-in was performed simultaneously on all gigasealed neurons.

DOI: https://doi.org/10.7554/eLife.24656.006

The following figure supplement is available for figure 3:

Figure supplement 1. Schematics of valve bank’s configurations across the different iterations of the algorithm.
DOI: https://doi.org/10.7554/eLife.24656.007

relative motion between the pipette tip and the cell. This highlights the need for a robotic arm inter-
action strategy: some steps should be synchronous to prioritize throughput, while other steps should
be independent to prioritize yield.

We therefore implemented a second algorithm, shown in 3 c. This algorithm proceeded along
the same lines as the previous one, until a neuron was encountered at one of the channels, at which
time, the pipette was retracted by 30 um and stopped. We chose a value of 30 um because that
was the minimum distance the pipettes needed to be retracted before the resistance measurement
decreased to the average baseline value (n = 15 trials). This process was repeated for all the active
pipettes, such that at the end of neuron hunting the relative positions of all the pipettes and the cor-
responding neurons they encountered were the same. As a final neuron-hunting step, all pipettes
were moved forward by the same distance (30 um), and gigasealing attempted synchronously. This
algorithm yielded a success rate for gigasealing of ~20% (12/59 pipettes in 17 trials, with nine pip-
ettes deactivated at the end of regional pipette localization stage due to tip blockage). Again, this
was much less than what we would expect when using the autopatcher robot. We analyzed the resis-
tance measurement traces for this algorithm and found that after the final neuron hunting step,
when all pipettes advanced forward by 30 um, resistances went back to the elevated values indi-
cated by contact with neurons in only 45.7% (27/59 pipettes), likely due to tissue displacement.

The two development iterations described above had synchronous pressure state switching
events in all pipettes. This allowed a single pneumatic valve bank (Figure 3—figure supplement 1a)
to perform the pressure state switching and simultaneously supply the pressure states to all pipettes
in parallel. In the third iteration, we decided to perform the gigasealing operation immediately upon
detection of a neuron in any one of the pipettes. As it has been observed previously, once either the
gigasealed cell attached or whole-cell stage has been achieved, the configuration is remarkably sta-
ble against motion artifacts. This has been used previously to record in the whole-cell state from
head-fixed rodents (Poulet and Petersen, 2008; Kodandaramaiah et al., 2012;
Kodandaramaiah et al., 2016; Chabrol et al., 2015; Margrie et al., 2002; Margrie et al., 2003)
and freely moving animals (Epsztein et al., 2010; Lee et al., 2009, Lee et al., 2014). Several groups
have also shown that it is possible to carry out loose cell attached recordings for tens of minutes to
hours (DeWeese et al., 2003; Tang et al., 2014). Based on these observations, once a pipette
encountered a neuron, the program paused neuron hunting in all channels and attempted gigaseal-
ing in the channel that encountered a neuron (Figure 3).

To implement this third strategy, we re-designed the pressure control box to incorporate a sepa-
rate pneumatic valve bank for each pipette (Figure 3—figure supplement 1b), which allowed inde-
pendent pressure state switching in each individual pipette. The third and final iteration of the
algorithm then proceeded as follows: after regional pipette localization and deactivation of clogged
pipettes (Figure 3a), the multipatcher robot moves the remaining pipettes in small incremental steps
(2 pum); after each step, square wave voltage pulses (e.g., 10 mV at 10 Hz, with offset voltage set at
0 mV) are applied to the pipettes to compute their resistances (time point iv in Figure 3d). This two-
step process of pipette advancement followed by resistance measurement is repeated while looking
for monotonic increases of pipette resistance above 0.25 MQ over three actuation steps taken in
one or more patch pipettes that indicate suitable contact with a neuron for patch clamping (time v in
Figure 3d), analogous to the ’'neuron hunting’ stage in the autopatcher operation
(Kodandaramaiah et al., 2012). After detecting contact with a neuron, the robot halts the move-
ment of all pipettes, and attempts to establish a gigaseal in the pipette that has encountered a neu-
ron (time vi in Figure 3d), analogous to the “gigasealing’ stage in the autopatcher
(Kodandaramaiah et al., 2012) by applying low suction pressure and a hyperpolarizing voltage.
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After a gigasealing attempt, lasting 60 secs or less, the pipette’s linear motor is deactivated, and the
remaining pipettes resume neuron hunting. This alternating neuron hunting and gigasealing cycle is
repeated until all pipettes have encountered neurons and attempted to establish gigaseals (time vii
in Figure 3d). At this point, pipettes that have successfully formed gigaseals are selected and, at the
operator's command, the robot applies pulses of suction until it successfully breaks into the giga-
sealed cells (time viii in Figure 3d). Using this algorithm, we were able to get successful gigasealed
cell attached states in 58% of the active pipettes (77 out of 133 pipettes in 41 trials, 41 pipettes
were deactivated at the end of the initial localization step due to blockage or clogging). This was
the highest yield we obtained from all three iterations, and exceeded the gigasealing success rate
that we obtained with our autopatcher algorithm (Kodandaramaiah et al., 2012). The details of the
software implementation and operation of this algorithm can be found in Supplementary file 4 and
Source Code Files 1-4.

Time course of multipatcher operation

A series of pressure state switching and resistance measurements in four pipettes during a single,
typical multipatcher trial in which multiple whole-cell recordings are shown in Figure 4a and b. Pres-
sure and resistance measurements from each pipette are coded with green, blue, red, and purple
colors. Key events during the trial are denoted by lowercase roman numerals, with the colored bars
at the top of Figure 4b (Figure 4—source data 1) indicating when the robot arms are active, or
moving. Grey shaded areas indicate when all robot arms are stopped and a pipette is attempting
gigasealing with its contacted neuron. The detection of a neuron in pipette 1 is shown at time i.
Between times i and ii, all pipettes paused actuation and gigasealing was attempted with pipette 1
(green). This 60 s gigasealing attempt, started at time i, was conducted as follows: (1) measure resis-
tance at low positive pressure for 10 s to ensure positive confirmation of contact with a neuron, (2)
switch to atmospheric pressure for 5 s to allow the cell membrane to begin sealing, (3) apply low
suction pressure for 10 s to form gigaseal, (4) return pressure to atmospheric and apply hyperpolariz-
ing voltage of —35 mV, (5) reduce voltage linearly to —70 mV over 30 s, and (6) wait 5 s. The motor
of pipette 1 was deactivated for the rest of the trial. At time ii, the remaining pipettes resumed neu-
ron hunting. At time iii the robot detected contact with a neuron using pipette 2. The same gigaseal-
ing steps described above for pipette 1 were used for pipette 2 between times iii and iv, resulting in
unsuccessful gigaseal formation, as indicated by a minimal resistance increase. The experimenter ter-
minated the gigasealing attempt prematurely, manually, after 35 s, rather than having the robot con-
tinue automatically after 60 s as before. Between times v and vi, and again between times vii and
viii, the robot successfully gigasealed pipettes 3 and 4. At time ix, the gigasealed neurons attached
to the patch electrodes in pipettes 1, 3 and 4 were broken into to establish whole-cell patch record-
ings. The time for execution of gigasealing tasks for multipatching was fixed at 60 s, whereas in the
previous autopatcher, break-in was initiated at the discretion of the operator. The gigasealing times
recorded for autopatching were the times taken for gigaseals to fully stabilize and asymptote, upon
which break-in was initiated by the operator. In the multipatcher algorithm, however, we used a
fixed time for gigasealing with the cell being clamped at —70 mV holding potential at the end of the
60 s gigasealing routine. Thus, even as the program resumed neuron hunting with pipettes that
were yet to encounter neurons, the seal resistance continued to increase and asymptote due to the
hyperpolarizing holding potential that was applied. This did not however apply to the pipette that
attempted gigasealing last for which the usual conditions used for autopatching were applied.

Performance in anesthetized rodents

We first assessed the performance of the multipatcher robot in anesthetized, head-fixed mice. Rep-
resentative voltage traces of two and three neurons patched simultaneously in the somatosensory
cortex of an anesthetized mouse are shown respectively in 