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Since its development in the late 70s and early 80s by Nobel laureates Erwin Neher and Bert Sakmann [1],
patch clamping has been the gold standard single-cell electrophysiology technique. With the highest temporal
and spatial resolution achievable by any recording technology, patch clamping has expanded from its inception
of studying frog muscle fibers to studying intracellular synaptic computations within single neurons. Beyond
single-cell electrophysiology, intracellular access via whole-cell patch clamping allows the harvesting of cell cytosol
for transcriptomic profiling [2] and the infusion of dyes for visualizing morphology of the cells being recorded.
Thus, electrophysiological information of the cell can be integrated with genetic and morphological characteristics,
providing a comprehensive characterization of the cell. Patch clamping is, however, a delicate process, requiring
considerable practice, experience and skill to manipulate a glass micropipette, carefully place it in physical contact
with a cell, and modulate the internal pressure to achieve a gigaohm seal. Consequently, despite its many advantages,
patch clamping is a relatively low throughput and laborious process as compared with other electrophysiology
techniques. Until recently, this has precluded the application of patch clamping for high-throughput analysis.

Automation & parallelization of patch clamping
Automation and parallelization have been two approaches taken to address the low-throughput and laborious nature
of patch clamping. Some of the first efforts to automate patch clamping were driven by its utility in studying ion
channels. Ion channels are highly attractive targets for a variety of drugs. The pharmaceutical industry has always
required high-throughput assays to evaluate the effect of vast libraries of drug candidates on ion channels of clinical
importance. To this end, microfluidic planar patch chip-based systems have been developed by several commercial
entities for high-throughput patch clamping [3]. These devices typically utilize micromachined multi-well plates
with patch-clamp orifices, integrated with robotic cell and fluid handling for multiple parallelized recordings from
cells in suspension.

In contrast, progress toward high-throughput patch clamping of single neurons in intact tissue has been much
more recent. Neurons within intact tissue have different electrophysiological properties as compared with neurons
in culture, and further preserve endogenous connectivity with other neurons. Patch clamping in vivo further allows
measuring intracellular responses to functional information received by the single neurons within the whole intact
brain. In a first demonstration, we showed that the stereotyped process of lowering a pipette into a brain region of
interest at high pressure, the slow lowering of a pipette in search of neurons, stopping and establishing a gigaseal
and whole-cell patch-clamp could be coded into an algorithm. This algorithm was used to automate a simple
robot which uses pipette impedance as the sole feedback signal to control the position and internal pressure of the
pipette [4]. These first experiments were conducted in anesthetized animals wherein motion artifacts in the tissue
are predominantly due to rhythmic pulsations caused by heartbeat and breathing. It is far more challenging to
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obtain stable whole-cell patch recordings in awake head-fixed animals, where motion artifacts are more pronounced
in amplitude, as well as more sporadic and unpredictable. Desai and colleagues overcame these challenges and
demonstrated that automated patch clamping could be performed in head-fixed, awake and behaving animals [5].

Computer vision for image-guided targeted patching
The first robotic in vivo patch clamping demonstrations were focused on automating ‘blind’ whole-cell patching,
wherein no visual information of the location of the pipette or the cell being patched is available. In many
experiments, it is important to be able to target specific types of neurons for patching, for which visual guidance is
necessary. For instance, the brain has heterogeneous populations of cells with excitatory neurons far outnumbering
inhibitory neuron populations. Inhibitory neurons are important for a number of neuronal computations occurring
in the brain, and disruptions to normal functioning of inhibitory neurons is implicated in several brain disorders.
Blind whole-cell patching has a bias toward recording predominantly pyramidal cells [6]. To overcome this issue,
Wu et al. first demonstrated automated computer vision-guided targeted patching of cells in in vitro brain slices [7].
Microscopy was used to image the pipette and cells, and computer vision algorithms located coordinates of pipette
tips and the centroids of cells of interest. Once the coordinates were determined, trajectories to guide pipettes to
specific target cells of interest in brain slices were computed. This strategy worked for both differential interference
contrast imaging as well as epi-fluorescence imaging wherein cells were tagged with a fluorescent indicator. Further
progress was made a year later when two groups simultaneously demonstrated that two-photon imaging could
be used to perform targeted recordings of single neurons in vivo in 3D tissue [8,9]. With image-guided targeted
patching being automated, more recently, researchers have developed machine learning algorithms to automate and
detect healthy cells within brain slices of both rodents and humans for targeted patching [10]. More broadly, the
capability of using microscopic imaging, computer vision algorithms, and robotic positioning is being utilized for
other applications, such as microinjecting into single neurons and stem cells [11].

Parallel patch clamping of multiple neurons in a circuit
Beyond easing the single-cell patch clamping process, the principles of automation have also been applied to
simplify the multi-neuron patch-clamp process. Multi-neuron patch clamping can be used to explore the sub-
and supra-threshold electrophysiological characteristics of multiple neurons simultaneously, enabling the study of
synaptic plasticity and network connectivity. This comes at the cost, however, of increased complexity associated
with manipulating and coordinating multiple pipettes moving in tissue and potentially displacing cells of interest.
Thus, unlike extracellular recording techniques, parallel intracellular recordings of multiple neurons simultaneously
have been limited to a few highly skilled laboratories. In principle, the algorithms for automating single electrode
patch clamping can be parallelized to control several robotic arms. Early work utilized simple robotic routines
to semi-automatically guide up to twelve patch pipettes into a single brain slice, close to cells of interest, after
which a human operator took over to perform patching manually [12]. Further strides were made in automating the
multi-patch process in brain slices by Peng and colleagues [13]. This work adapted algorithms developed for in vivo
patching [4], developed an open source, microcontroller-based pipette pressure system, and further incorporated an
automated cleaning protocol (adapted from [14]) to dramatically increase throughput [13]. This system permitted up
to ten simultaneous recordings with the capability for sequential recordings thereafter. Progress has also been made
in automating in vivo multi-patching via the ‘multipatcher’. The ‘multipatcher’ is a system of four interacting ‘blind’
patch clamping robots that automate the patch-clamp process from cell detection, sealing and breaking-in [15].
This work demonstrated simultaneous whole-cell recordings from up to four neurons in anesthetized and awake
head-fixed animals.

Toward fully autonomous single-cell electrophysiology
With the process of patching being automated, early work still required human practitioners to perform several
operations, such as changing pipettes between trials, or operating the data-acquisition software once a patch
recording is obtained. Recently, two key advances have been made that have made fully autonomous patch clamping
possible. For decades, patch-clamp electrophysiologists have considered the micropipettes used for patch clamping
as single-trial use electrodes. Kolb and colleagues demonstrated that readily available cleaning solutions can be
used to clean the pipette tips which permitted the pipettes to be reused for subsequent trials without affecting the
patch quality. Coupled with simple robotic routines that clean and rinse the pipettes, they demonstrated a robotic
platform that can autonomously perform patch-clamp recordings in adherent cells and brain slices [14]. Alternately,
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in cases where the contents of the pipette need to be retrieved after recording, like after harvesting the cytosol for
transcriptomic analysis, fluid handling robotics can be incorporated into an automated patch clamping platform
to exchange pipettes between trials, as demonstrated by Holst and colleagues [16]. Both these works demonstrated
fully autonomous patch clamping, recording from hundreds of cells over several hours of operation without any
human intervention.

Future outlook
What does the future hold for high-throughput single-cell recordings? The recent progress in automation and paral-
lelization may promote medical advances catalyzed by high-throughput patch clamping. For example, improvements
in high-throughput parallel patch clamping could be applied in the study of network synaptic connectivity disrup-
tions in neurological disorders. Likewise, the incorporation of visually guided systems aided by computer vision
algorithms permits researchers to target specific cells of interest and could enable identification of neuronal sub-
populations implicated in various brain disorders. Future advancements in robotics and automation will potentially
decrease the cost of consumables and will re-energize wider support for research in drug discovery. Looking further,
the development of cheap microchip amplifiers for patch clamping [17,18] should enable rapid and massive scale-up
and parallelization of autonomous patch clamping systems. There are, however, several other challenges that need
to be overcome. Patch clamping depends on several factors extraneous to the experimental procedure. These include
the quality and health of tissue [6] and the quality of the patch pipettes. These extraneous factors lead to significant
intra-lab and inter-lab variability in the yield, throughput, and quality of patch recordings. One approach to
mitigate this is to standardize tissue preparation. For instance, cranial microsurgeries used to make craniotomies for
in vivo patch clamping have been automated [19,20] and similar efforts are ongoing to automate live tissue slicing.

Conclusion
We have a number of enabling technologies developed for truly high-throughput single-cell recordings in a variety
of contexts. Thus, the field is truly at an inflection point, and the coming years will have an increasing number of
studies incorporating massively high-throughput single-cell electrophysiology.
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10. Koos K, Oláh G, Balassa T et al. Automatic deep learning driven label-free image guided patch clamp system for human and rodent in
vitro slice physiology. bioRxiv doi:2020.05.05.078162 (2020) (Epub ahead of print) (Preprint).

11. Shull G, Haffner C, Huttner WB, Kodandaramaiah SB, Taverna E. Robotic platform for microinjection into single cells in brain tissue.
EMBO Rep. 20(10), e47880 (2019).

12. Perin R, Markram H. A computer-assisted multi-electrode patch-clamp system. J. Vis. Exp. (80), 1–13 (2013).

13. Peng Y, Mittermaier FX, Planert H, Schneider UC, Alle H, Geiger JRP. High-throughput microcircuit analysis of individual human
brains through next-generation multineuron patch-clamp. Elife 8, 1–52 (2019).

14. Kolb I, Landry CR, Yip MC et al. PatcherBot: a single-cell electrophysiology robot for adherent cells and brain slices. J. Neural Eng.
16(4), 046003 (2019).

15. Kodandaramaiah SB, Flores FJ, Holst GL et al. Multi-neuron intracellular recording in vivo via interacting autopatching robots. Elife 7,
1–19 (2018).

16. Holst GL, Stoy W, Yang B et al. Autonomous patch-clamp robot for functional characterization of neurons in vivo: development and
application to mouse visual cortex. J. Neurophysiol. 121(6), 2341–2357 (2019).

17. Harrison RR, Kolb I, Kodandaramaiah SB et al. Microchip amplifier for in vitro, in vivo, and automated whole cell patch-clamp
recording. J. Neurophysiol. 113(4), 1275–1282 (2015).

18. Shekar S, Jayant K, Rabadan MA, Tomer R, Yuste R, Shepard KL. A miniaturized multi-clamp CMOS amplifier for intracellular neural
recording. Nat. Electron. 2(8), 343–350 (2019).

19. Ghanbari L, Rynes ML, Hu J et al. Craniobot: a computer numerical controlled robot for cranial microsurgeries. Sci. Rep. 9(1), 1–12
(2019).

20. Rynes ML, Ghanbari L, Schulman DS et al. Assembly and operation of an open-source, computer numerical controlled (CNC) robot for
performing cranial microsurgical procedures. Nat. Protoc. 15(6), 1992–2023 (2020).

36 Bioelectron. Med. (2020) 3(3) future science group



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


