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ABSTRACT

To understand how neuronal circuits underlie the processing of brain function, methods must be
employed to dissect the circuit. Identificationtloé neuronal subtypesnd characterization of

how they interacarerequired to effectivity gaimisight intounderstandinghe neuronakircuit.

The method to decipher neuronal circuits | describe and use heesisultaneousnultiple
patchclamp recordingystem My overall aim was to elucidate inteuronal circuits in cortical

layer 6(L6), which are critical for specific brain processes such regulating sensory information.
Studies orthe connectivityof L6 have predominately focused ercitatorypyramidal neurons.
Relatively ittle is knownof the subtypes of GABAergic interneurons in &td how they are
incorporated into the circuiHowever,the role of L6 GABAergic inhibitory interneurons in

brain function has recentlyebome more appreciated.

In this dissertation, first provide background ob6 andbasket cells, thenost abundant
GABAergic interneuron subtyp&hen,in Chapters 2 and 8describe thesimultaneous multiple
patchclamp recording system thigtused to decipher interneuronal circulitsChapter4, |
examine a population of L6 interneurons using this methimally, | discussny results andhe

field moving forward.
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CHAPTER 1

Introduction
Basket cells (BCs)
|l nterneurons called fAbasket cell so0 (eja,e ori gi
1911) However, the pericellular Anestso thought

their name were later found to be the result of multiple cells forming synapses around the
postsynaptic cellDeFelipe, Hendry, & Jones, 1986; MaRadilla, 1969; Songyi, Kisvarday,

Martin, & Whitteridge, 1983; Somogyi & Soltesz, 1986; White & Keller, 1988yther studies

showed that only a smaller portion of the boutons of BCs targeted the somas of pyramidal

neurons, with the rest innervating their dendritesthe at dendritic shafts or spinéBi Cristo

et al., 2004; MarirPadilla, 1969; S, 1904; Szentagothai, 19TBus, the synapses made by BCs
appear not in the form of fAbaskets, o the char

of those synapses do not contact the soma.

Identifying BCs

The definition of a BC has clearly changed since it was firstribesl. Currently, no definition is
agreed upon. Different criteria are now used. However, while some researchers may use a
criterion in classifying BCs, others use it in identifying putative BCs. A combination of methods

is also sometimes employed.



Idertifying BCs or putative BCs at the macroscopic level has been used since Ramén y Cajal and

is still used by some lal{€ajal, 1911; Jiang et al., 2015; X. Jiang, G. Wang, A. J. Lee, R. L.

Stornetta, & J. J. Zhu, 2013; E. H. Jones, SHC, 1984; Wang, GuhtacRodriguez, Wu, &

Markram, 2002)In general, this method examines the axonal arborization, and a description

followed by many is stated here froMang et al.,, 2004 At t he | i ght micr osco|
bent axonal segments seemingly targeting sr@irsomata have therefore been used as the
general sign f(Wangeat &l.a2002)However,many Biffesert descriptions

have been used. The research team led by Julius Zhu has classified interneurons in L2/3 at the

light microscopelevelah has descri bed HBdskeasa xhoanvail(X.ga rfibao rbiaz
Jiang et al., 2013; Wyskiel, Larry, Jiang, Wang, & Zhu, 20¥H)ile researchers using this

method mainly focus on the axon, in some cases either the soma and/or the dendritic arborizati

has been used. This approach has drawbaAcietomical studies show that BCs are greatly

diverse in both their axonal and dendritic arborizati@ng-reund, Martin, Smith, & Somogyi,

1983; Kisvarday, Martin, Whitteridge, & Somogyi, 1985; Kisvarday,2t 98arkram et al.,

2004; Martin, Somogyi, & Whitteridge, 1983; Somogyi et al., 1983; Thomson & Lamy, 2007,

Wang et al., 2002)and, their dendritic morphology can cause BCs to appear multipolar, bitufted

or bipolar(Wang et al., 2002Due to the great dersity in the spread of their axonal arbors of

BCs, some researchers have divided BCs into s
third group ter med i n(éupth sMangmdarkrant, 2000eWandey pr o p
al., 2002) The division of EEs based on morphology, however, has not been universally adopted
(Xiaolong Jiang, Guangfu Wang, Alice J Lee, Ruth L Stornetta, & J Julius Zhu, 2013; Wyskiel et

al., 2016)



Wang et al ., 2002 acknowledged fithat examinat
included in the definit isonmticeynapses dertideligthi | e i d
microscope is used, verification at the electron microscopy (EM) lewebught to be necessary

(Kubota et al., 2015)dentification of a certain portion of synapses made by BCs using EM is a
method used by many for BC classification and some consider it the established(Griteria

Freund, Magléczky, Soltesz, & Somogyi,8® E. H. Jones, SHC, 1984; Kisvarday, 1992;

Somogyi & Soltesz, 1986 his portion varies by lalkarly studies using EM showed that about

20-30% of the boutons targeted the soma of the postsynapt(d@ célleund et al., 1986;

Kisvarday, Martin, Somogyi& Friedlander, 1987; Kisvarday et al., 1985; Somogyi et al., 1983)
however, later studies demonstrated significantly more variability with much lower percentages
sometimes reportedd Kawaguchi & Kubota, 1998; Wang et al., 200@deed, a BC may not

form any of its synapses on the soma of a connected n@€iswarday et al., 1987; Kubota et

al., 2015; Tamas, Somogyi, & Buhl, 1998; Wang et al., 20@2)ddition,other interneuron

subtypes can alsoformaso mat i ¢ synapses androundgpostsymaptcn f or m
somaqWhite & Keller, 1989) Due to the difficulties in identifying axsomatic synapses, some
researchers have classified cells with that synapse near the soma as BCs or putative BCs. In this
case, identifying BCs would appear to bardeparture from what began as an interneuron

named for its formation of fibasketso around t

The use of electrophysiological firing patterns and genetic markers has also been used in
identifying BCs(Tremblay, Lee, & Rudy2016) However, not all BCs are FS and even those
that can be labeled FS, display a range of firing patterns and are highly diverse in their passive

membrane propertigdVang et al., 2002)n addition, other interneuron subtypes can also



display FS proerties. Nevertheless, BCs are often divided into subgroups based on their spiking
and called FBCs and nofFS-BCs. NonFS BCs are generally regular or burst spikjyig
Kawaguchi & Kubota, 1998 Anatomically, both of these BC subgroups are highly diverse

(Karube, Kubota, & Kawaguchi, 2004)

Currently, BCs can be divided into different groups based on their expression of the -calcium
binding protein parvalbumin (PV) or the neuropeptide cholecystokinin (G€&5uo

Kawaguchi & Kubota, 1997; Y Kawaguchi & Kata, 1998; Kubota & Kawaguchi, 1997)
These are termed PBCs and CCKBCs. PV was found to be expressed by cells that
morphologically resembled BCs and is now often used to label putative BCs. However, later it
was shown that only a subset of BCs exprasslitaddition, PV was found to be expressed in
other interneuron subtypéBawelzik, Hughes, & Thomson, 200Both PVBCs and CCKBCs
are diverse in their firing and passive membrane properties. Howew&CB\are largely FS
cells, while CCKBCs are geerally regularspiking cells(Tremblay et al., 2016 Anatomically,
both P\\BCs and CCKBCs are very diverse; however, BBCs typically correlate more with
large and nest BCs than small B@gang et al., 2002Despite their overlapping morphologies,
PV-BCs and CCKBCs are thought to be distinct in their connectivity and fundd#omstrong

& Soltesz, 2012; Bartos & Elgueta, 2012; Tamas F Freund & Katona, 2007; Tremblay et al.,

2016)

BCs in neuronal networks



As shown above, BCs are composed of diffeseitigroups that differ in their connectivity and
function. However, the majority of BCs are those that express PV and are FS. These neurons
represent a large portion of all interneurons in the br&8-BCs are thought to represent 40
50% of all interneunos in the brairf{fKubota, 2014)In constituting such a large portion, it is not
surprising that F8BCs are hava critical role in many different brain functions and are thought
to represent the main inhibitor in the neocort®xdy, Fishell, Lee, &Hjeth g Lef f 1l er, 201
By connecting on or near the soma, BCs more significantly control the action potential output of
neurons and the timing of their spiking; and in doing so are thought to tightly regulate network

activity (T. F. Freund & Buzséaki, 1996; Ta® F Freund & Katona, 200HSBCs are thought

to be responsible for establishing and maintaining fast cortical rhythms and in experience

dependent plasticit{Bartos, Vida, & Jonas, 2007; Cardin et al., 2009; Hensch, 2005; Traub,

Bibbig, LeBeau, Buhl, &Vhittington, 2004) In addition, FSBCsare thought to be the main

GABAergic interneuron regulating the balance between excitation and inhi@tzder &

McCormick, 2009; Hasenstaub et al., 2005)

The role of FSBCs in cortical functions is also depentepon its intrinsic properties and its

high rate of connectivity among pyramidal neurons. Due to their membrane and firing properties,
FSBCs receive fast synaptic inputs that induce fast action potentials. Other specializations allow
FSBCs to induce fst responses in the postsynaptic neuron. Thu8ESare responsible for

fast, strong and reliable connectivityu, Gan, & Jonas, 2014; Tremblay et al., 20H&)wever,

there is significant variability in the responses elicited lBES, which largely dpends on

whether the synapse is located on the soma or on the delidtitesta et al., 2015)n addition,

many factors can alter BC connectiviyonato, Chowdhury, Lahr, & Caroni, 2015; Donato,



Rompani, & Caroni, 2013; Lee et al., 2014; Xue, Atallats&nziani, 2014; Yoshimura,
Dantzker, & Callaway, 2005)or example, it can depend on differences in the activity of
postsynaptic cells. This effect appears not to be the case in all interneuron s(igpesal.,

2014) Thus, variability is also obseed in neuronal connectivity, even amongBSs.

While BCs are very highly connected to pyramidal neurons, they are also extensively connected
to each other, appearing to specifically target other BCs over other interneuron subtypes. In
addition, BCsjn particular P¥BCs and FSBCs, are also highly connected to each other via
electrical synapses. This property is thought to be critical in specific brain fun@irson,

Beierlein, & Connors, 1999)

Cortical Layer 6 (L6)
L6 Neurons

L6, the deepest layer of the cortex, is present in all cortical areas. In general, it comprises nearly
one third of the cortex, with some variation of thickness by re@aiobott, Dickie, Vaid,

Headlam, & Bacon, 1997; Van Eden & Uylings, 19853 is distnct from other cortical layers

in its cytoarchitecture. Due to its composition of cells, which vary greatly in size, shape and
orientation, L6 is called the multiform or polymorph layer. Excitatory cells represent
approximately 880% of the neurons in L& hese neurons include different subgroups of the
classical pyramidal neurons (some with varying orientations), but also include those described as
stellate cells and fAstaro pyramidal neurons

(Andjelicet al ., 2009; Kaneko & Mizuno, 1996 ; Me

nd



2007; Tombol, 1984)L6 pyramidal neurons are typically subdivided into two main subgroups
based on whether their axons project to the thalamus (corticothalamic pyramidalkheuro

mostly within the cortex (corticoortical pyramidal neurons). These pyramidal neurons are most
clearly distinct from those in L5 and L2/3 in that their apical dendrites typically do not ascend to
and ramify within L1. However, a small subgroup éf hyramidal neurons (claustrum

projecting pyramidal neurons) do contain apical dendrites ascending to L1 (Katz, 1987). While
some spare nonpyramidal glutamatergic neurons are found in other cortical layers, the great

majority are found in L§Andjelic et &, 2009)

Attempts to identify and group L6 interneurons into subtypes began with the use of Golgi stain to
examine the morphologies of so called local circuit neurons. Ramén y Cajal in 1911 described
three subtypes: 1) cells with ascending axons, wihidionde long ascending or Martinotti cells,

2) neurogliaform cells, and 3) local circuit neurons whose axons arborizg @aja&d, 1911) In
1941, the L6 subtypes were expanded to five
neurons with horizontaxonal arborizations, 3) neurons with vertically oriented axonal
arborizations that ramify in L4, 4) ascending fidartinotti cells, and 5) Martinotti cells

(O'Leary, 1941)Subsequent papers using either Golgi or Nissl staining further identified cell
types in L6 based on their cell morphology alone, including a more recent study by Chen et al.,
2009(Chen, Abrams, Pinhas, & Brumberg, 2009; Ferrer, Fabregues, & Condom, 1986; Prieto &
Winer, 1999; Tombol, 1984)Jsing wholecell electrophysiological recdings and intracellular
staining techniques, Kumar and Ohana, 2008 classified L6 interneurons in the barrel cortex of
P1922 rats into two subgroups: 1) 4ptojecting and 2) local projecting interneurdisimar &

Ohana, 2008)Those projecting locally werescribed as both small and large BCs. The L4



projecting interneurons were thought to possibly include BCs as well. Another investigation
using wholecell electrophysiological recordings and intracellular staining techniques, The Blue
Brain Project, speheaded by Henry Markram, is examining postnatal days (p¥ats and

has subdivided interneurons in all the cortical layers, including L6, into the classical defined
morphological subtypes: 1) large BCs, 2) nest BCs, 3) small BCs, 4) chandelier)cells, 5
Martinotti cells, 6) double bouquet cells, 7) bipolar cells, 8) bitufted cells, and 9) neurogliaform

cells(Markram et al., 2015)

Some studies have shift away from classifying L6 interneurons based on the classically defined
morphological subtypesnd the most recent published results use a different method entirely.
Using a combination of approaches to examine electrophysiological, molecular and
morphological properties, Perrenoud et al., 2012 classified L6 interneurons-o¥ Pdide into 4
types:1) interneurons that were fast spiking and expressed PV (51%), 2) adapting interneurons
transcribing SOM (26%), 3) NR¥xpressing cells resembling NGFCs (18%), and 4} VIP
expressing GABAergic interneurons (5%errenoud, Rossier, Geoffroy, Vitalis, & Gain,

2012) PV-expressing cells were concentrated in the upper portion of L6 whereas those
translating NPY were concentrated in the lower region. Notable, Perrenoud et al., 2012 stated
that fAwe have not identi fi edntt hetiudynoad pMamd to gri e
study by Arzt, Sakmann and Meyer, 2017 grouped interneurons based on their axon projections
(Arzt, Sakmann, & Meyer, 2017 this study, five subgroups were described: 1) L6 inhibitors,

2) L6/5 inhibitors, 3) L5/6 inhibitors}) L5b inhibitors, and 5) L2/3/4 inhibitors. Despite a very

in depth examination of their morphologies, including axon morphologies, Arzt, Sakmann and



Meyer, 2017 did not identify their subgroups according to the classically defined morphological

subtypessuch as BCs.

The complexities of L6 cytology described above are further exemplified by the discovery that
L6 is divided into two distinct zones: L6a and L@taedler & Raedler, 1978)6a abuts L5 and
constitutes the great majority of the layer. L6l ihin band lateral and superficial to the white
matter. L6a and L6b are distinct in a number of ways, likely reflecting their dual origin (Marin
Padilla, 1978Radnikow, Qi, & Feldmeyer, 2015%imilar to cortical layers-8, L6a cells are

derived from ke cortical plate. L6b, however, contains cells derived from both the cortical plate
and subplate. The structures of the two sublaminae differ in their arrangement and density of
cells(O'Leary, 1941)L6a is denser in cell composition and contains pyrahmidurons, the

principle excitatory neuron in the cortex. L6b contains a sparse composition of mostly horizontal
cells. The composition of cells, including GABAergic interneurons, in L6a cells are thought to

differ from those of L6l{Ferrer et al., 198@errenoud et al., 2012)

L6 neuronal circuitry

L6 is a principal cortical output layer and is unique among cortical layers in regards to its
connectivity to the thalamus. L6 receives direct inputs from and feedback to specific thalamic
nuclei as well as providing output to other rgpecific thalamic uclei (Briggs, 2010; Lam &
Sherman, 2009; Radnikow et al., 2015; Thomson, 2010; West, Mercer, Kirchhecker, Morris, &
Thomson, 2005)This feedback to the thalamus is extensive and comprises nearly half of all the

inputto thethalamus Er i ki r , SWeman, HIVT; Guiller® 1969; E. Jones & Powell,



1969; Liu, Honda, & Jones, 1993) is also reciprocally connected to the claustrum, and has
reciprocal connections within the cortex between other cortical layers and other cortical regions
(Thomson & Lany, 2007) L6 connectivity to L4, the main thalamic input layer, is thought to
further regulate thalamic connectivity to the cort8kerman, 2016 However, in contrast to L4,
studies show that L6 is either unresponsive or exhibits very low activityponss to activity

from thalamocortical cells, as shown for whisker deflecfmstrongJames, Fox, & Das

Gupta, 1992)In addition, L6 displays generally very low connectivity within the layer compared

to the more highly connected I(Arzt et al., 2017Beierlein & Connors, 2002)

Studies on L6 connectivity have largely focused on pyramidal neurons. Howesaatly the

role of interneurons in L6 function has been more clearly demons{@liseh, Bortone,

Adesnik, & Scanziani, 201&hou et al., 2010)Those studies on L6 interneuron connectivity

have predominately used genetic markers such as PV and somatostatin, but some of the cells
may be FSBCs(Bortone, Olsen, & Scanziani, 2014; Cruikshank, Urabe, Nurmikko, & Connors,
2010; Mercer et al., 2005;I@a, Jiang, Lam, Smith, & Swann, 200®owever, it should be

noted that Arzt, Sakmann and Meyer, 2017 found no simple correlation between PV expression
and axon projections. Some specificity in L6 connectivity has been uncovered, including
connectivity b interneurons; for example, CT neurons preferentially connect to GABAergic
interneurons over other CT neurqMercer et al., 2005; West et al., 2005; Zarrinpar &

Callaway, 2006)The Blue Brain Project is examining L6 connectivity using the classically
defined morphological subtypéklarkram et al., 2015; Ramaswamy et al., 20Hgwever, no
published papers on L6 connectivity from the Blue Brain Project can be found at this time. Some

results can be seen using their online pgRalmaswamy et al., 2015)



L6 BCs

Caution should be used when reporting L6 BCs. Evidence suggests that at least some of the ways
BCs are identified may not be employable in L6. Studies have compared what were described as
BCs from different cortical layers and found significdifterences between BCs residing in

different layers; and based on these differences, the connectivity patterns established by BCs
likely differ as well(Tremblay et al., 2016)n addition, anatomical descriptions of L6 BCs

widely vary, as indicated by érstudies described above and otliesayannis, Huerta

Ocampo, & Capogna, 2006; Kisvarday et al., 1987; Lund, Hawken, & Parker, 1988; Markram et
al., 2015; Tombadl, 1984Furthermorethe axonal arborizations of other interneuron subtypes,

while quite dstinct from BCs in the superficial layers, may more closely resemble BCs in L6.
Importantly, those cells described as BCs in the deeper layers make substantially fewer synapses

onto somas compared to BCs in the superficial laffésvarday, 1992)

Nevertheless, L6 contains BCs. Some studies have provided insight into L6 BC physiology
(Beierlein & Connors, 2002; Gibson et al., 1999; Kumar & Ohana, 28earch examining

the function of L6 BCs have focused primarily on-B&s, or on cells that magorrespond to

BCs such as FS interneurons and PV interneurons. Several of these studies suggest that L6 BCs
may establish specific connectivity within [(Blercer et al., 2005; West et al., 2008)

addition,L6 FS interneurons were found to be strongheirvated by thalamocortical inputs and

are thought to be responsible for rapid féadvard inhibition(Cruikshank et al., 2010These

types of L6 interneurons were also found to be highly connected through electrical synapses

(Gibson et al., 1999)
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Deciphering neuronal circuitry is central to understanding brain function and dysfunction,
yet it remains a daunting task To facilitate the dissection of neuronal circuits, a process
requiring functional analysis of synaptic connections and morphological identification of the
interconneded neurons, | help present here a method for stable simultaneous octuple patch
clamp recordings. This method allows physiological analysis of synaptic interconnections
among 418 simultaneously recorded neurons
and provides insight to the anatomical identification of recorded interneurons and principal
neurons. | also help describe the latest refinements and optimizations of mechanics,
electronics, optics, and software programs central to the realization of a sined single
and two-photon microscopybased optogeneticsand imaging-assisted stable simultaneous
guadruplel duodecuple patchclamp recordings system. Setting up the system, from the
beginning of instrument assembly and software installation to fulloperation, can be

completed in 314 days.

and



INTRODUCTION

Modern electrophysiological tools have been employed in all aspects of neuroscience research due
to their unparalleled high sensitivity and temporal resol{Boanziani & Hausser, 2009 The

initial development of the simultaneous multiple .(i@ual, triple and quadruple) patctamp
recording method has greatly facilitated the investigation of communication between neurons and
neuronal subcellular compartmersvitro andin vivo(Feldmeyer, Egger, Lubke, & Sakmann,

1999 Larkum & Zhu, 2002Larkum, Zhu, & Sakmann, 1998arkram, Lubke, Frotscher, Roth,

& Sakmann, 1997Reyes & Sakmann, 199%chiller, Schiller, Stuart, & Sakmann, 1997
Spruston, Schiller, Stuart, &akmann, 19955tuart & Sakmann, 199¥%Vaters, Larkum, Sakmann,

& Helmchen, 2008 However, deciphering complex interconnected neuronal circuits, a process
requiring functional analysis of multiand transsynaptic connections and morphological
identification of the cell types of many different interconnected neBnasvn & Hestrin, 2009a

Luo, Callaway, & Svoboda, 2008Vu, Tao, & Zhang, 2011 remains a difficult endeavor.
Because the testable connectivity patte@), increases exponentially as the number of
simultaneouly recorded neurons increases, or C = 4M™D2 simyltaneous patetiamp
recordings from four or more neurons exponentially increases the chance to decode and interrogate
complex neuronal circuits. This principle was first verified byNtegkram andPetersemgroups

who investigated the synaptic interconnections of excitatory neurons in the cortex with
simultaneous hext-ulgnpeecoddinggldeeBe & pMhrkramp 20@6 tefort,

Tomm, Floyd Sarria, & Petersen, 20@®erin, Berger, & Markram, 20)1 Working with the
engineers and technicians in commercial companies and local university workshops, the Julius

Zhu lab has recently overcome various mechanical, electronic and software barriers to develop a



stable simultaneous octuple patdhmp recording technique that allows the recovery of the
morphology of recorded excitatory neurons and recorded internedcarsy, Wang, Lee,
Stornetta, & Zhu, 2013A. J. Lee et al., 2004 The technique thus helps in the study and
identification of inhibitory neurons, which frequently possess a dense intricate akooréation,

in the complex neuronal circuits. With this technique, the Zhunhéssecently deciphered two
transsynaptic disinhibitory and inhibitory neuronal circuits that span multiple layers and columns
in the rat corteXJiang et al., 2013A. J. Lee et al., 2014 further validating the advantage of
making simultaneous patatamp recordings from four or more neurons. Inpincgocol, the Zhu

lab describe the octuple patctamp recording technique, as well as the latest refinements and
optimizations of mechanics, electronics, optics, and software programs that may allow the
realization of an optogeneticand imagingassiste stable simultaneous multiple (fraqnadruple

up to duodecuple) patattamp recordings system for functional interrogation of more complex

neuronal circuits.

Mechanics

To accommodate eight or more motorized manipulators in a simultaneous nmatighelamp

recording setup, compact manipulators are essential. Additionally, these raemgpuoked to be

stable enougiforlongl asting recordings (O171 2 fdundshatitt o be
typically took ~171 2 hallsynaptic conneaion® forqnédlagnong i v e st

recorded neurons and to load a sufficient amount of cell marker (e.g., biocytin) to recover the



complete cell morphology for identification of recorded neurons, particularly interneurons. In
addition, stable manipators allow easy replacement of new patch pipettes, and thus facilitate the

sequential multiple pateblamp recordingdarkum & Zhu, 2002

A large variety of motorized manipulators are currently availabléehe market The Zhu lab

chose L&N motorized manipulators (Luiddeumann GmbH, Ratingen, Germany) because over
the years the company has been continuousproving the manipulators to keep up with our
increasing demands in stability and compactness. The MINI series of L&N manipulators were
initially invented in 1992. These manipulators had their motor resolution refined to 9.8 nm per
step and movement neplucibility improved to <1 um when the Zhu labarted to build our
simultaneous octuple patatamp recordings setup in 2008 (Fig 1a). The Zhddaibd that the

MINI manipulators produced very smooth and highly reproducing movements, ideal for multiple
stable recordings, and they were small enough to fit eight of them around a standard microscope.
However, the Zhu laboon realized that the mechanical disruption associated with the electrode
replacement became a more significant issue with the increaseber of neurons recorded. In
response to our technical request and prototype suggestion for improvementiNéurgann

GmbH developed multiple generations of adaptors for the electrode headstage in the following
two years. Our tests showed that tffeggneration of adaptors, the guide rails, performed far
better than the two older versions, the turning and backfolding adaptors. The guide rail exchange
system allows the electrode holders to slide backwacdforward along the manipulators to
replaceelectrodes, largely eliminating the mechanical disruption associated with the turning or

backfolding adaptors. Therefore, the system allows replacement of multiple patch pipettes



multiple times to record many additional neurons without jeopardizingxiséng recordings

(Jiang et al., 203 3A. J. Lee et al., 2024

To minimize the size of manipulators, Luijeumann GmbH desloped the smaller JUNIOR
manipulator in 2002 (Fig 1b). However, the movement and stability of the first version of JUNIOR
manipulators were not ideal. In 2010, the company completely redesigned the JUNIOR
manipulator and the new JUNIOR manipulator ke motor resolution of 7.8 nm and
reproducibility of <1 um. The Zhu labsed the new JUNIOR manipulators in simultaneous
multiple patchclamp recordings. The Zhu ldbund that the JUNIOR manipulators had the
movement resolution and stability comparatdethe MINI manipulators. Therefore, both the
MINI and JUNIOR L&N manipulators are excellent choices for simultaneous multiple-patch

clamp recordings.

In 2013, LuigsNeumann GmbH released a modified version of its JUNIOR manipulator, the
JUNIOR COMPACTmanipulator. The3axis width of the manipulator was further minimized to

~50 mm, much smaller than the ~3@0n-wide JUNIOR manipulators or ~158m-wide MINI
manipulators (Fig 1b). Our recent tests showed that the JUNIOR COMPACT manipulator had the
samemovement resolution and stability as the MINI and JUNIOR manipulates. The exceptionally
smal | size of JUNI OR COMPACT manipul ators
mani pul at oquastuorflecuplpaicpdamp recordings) at a standard microscopeo

realize a 20 patch (duodecuple pattdmp recordings) system on a 36ihg structure with a

modified microscope. Moreover, the JUNIOR COMPACT manipulators alleviate the space



competition among the instruments for electrophysiology;ghaton lasescanning imaging, and
optogenetics. The reduction in space competition should be particularly significant for improving
the simultaneous multipia vivopatchclamp recordinggechnologybecause twgphoton imaging

can improve the targeting of patctamp recordinggKitamura, Judkewitz, Kano, Denk, &
Hausser, 200&omai, Denk, Osten, Brecht, & Margrie, 2QG61d optogenetics may help in the
searching and investigating of synaptionnections (see below) in brain tissue slices and intact

brains of anesthetized and behaving animals

Electronics

Stable patcitlamp recordings have paved the way to effectively manipulate and detect neuronal
activities, yet the manipulation and detentof neuronal activity are best achieved with high
guality and lownoise amplifiers. Typically, one amplifier is needed for each recorded neuron.
The Zhu labrecommend the Axoclamp 2A/B and Axopatch 200B amplifieskeular Devices,
Sunnyvale, CAfor voltage (currentlamp) and current (voltagdamp) recordings, respectively,

due to theirunsurpassedow-noise performance and high compatibility with customizable
operation software programs. Alternatively, one may choose the newer version®mf Ax
amplifiers,MultiClamp 700A/B. The MultiClamp 700A/Bmplifiers ae versatile amplifiers with

two primary headstages, whichre intended to support many electrophysiology applications,
including voltage or current recordings from two neuronBhese arplifiers are computer

controlled and they may only run under its designed program, the Axon MultiClamp Commander.



To control the operation of an amplifier and to receive the experimental data collected by the
amplifier, a computer is needed. To realize tommunication between the multiple amplifiers

and the computer, data acquisition interface boards with multiple ebgitgadbg output (D/A) and
analogdigital input (A/D) channels are preferred. In general, at least three channels are needed
for operaton control and data collection of an amplifier, with one D/A channel dedicated to its
external command port and two A/D channels dedicated to its current and voltage output ports,
respectively. Thus, for a simultaneous octuple pataimp recording sety@ data acquisition

board with 8 D/A channels and 16 A/D channels would be ideal. However, to the best of our
knowledge, no such single interface board is commercially available. Therefore, in general,
combining multiple interface boards is necessamgctieve simultaneouwsctupleor more patch

clamp recordings (Fig 2). AmnstruTECH ITG18 data acquisition (DAQ) board (HEKA
Instruments Inc.Bellmore, NY) has 4 D/A channels and 8 A/D channels, which can thus support
simultaneous recordings from 4 nens. The electronics ¢TC-18 board areoptically isolated

from the amplifiers and computer, ideal fbve lownoise performance The Zhu labfound it
possible to use one computer to control multiple -M&boards to realize operation and data
collection of 8 or more amplifiers. In principal, the Zhu laperated onéTC-18 board as the
Amast er 0 hdndhisi tha s t eVi8doard Bt&rted to send operation commands and
acquire data, it also sent out a digital trigger signal to one or multipleldel8 board(s) set to

the external trigger mode. In this way, the computer could simultaneously control operation and

data collection (both voltage and current data) of 8 or more amplifiers.

Alternatively, one may use DAQ boards manufactured by theohtinstrument€orporation

(Austin, TX). The National InstrumentSorporationoffers a large variety of DAQ boards (NI



boards) with various numbers of A/D and D/A channels. Given the fast sample rate (up to 10
MHz), NI boards are perfect for imagingudtes, yet they are also commonly used for
electrophysiology recordings. Again, combining two or more NI boards is required to run
simultaneou®ctupleor more patckclamp recordings. As with IT@8 boards, one may use the
computer to activate one NI broband then use this NI board to trigger itself as well as other NI
boards to control operation and data collection of 8 or more amplifiers. Combininbt8IaGd

NI DAQ boards is also possible. The Zhuletve verified that one computer can control iplet
ITC-18 and NI boards to operate simultaneous electrophysiology recordingphoten laser

scanning imaging and/or optogenetics.

The most recent versions of DAQ boards fromNiaecular Devicesire theAxon Digidata 1440

board that had D/A channés and 16 A/D channels, atite Axon Digidata 1550 board that I&as

D/A channels and 8 A/D channel&s with single ITC18 and NI boards, on&xon Digidata 1440
board may r un gquadruplépatarecaenp recordings laetause it can control the
operation of up to grimaryheadstages of two MultiClamp amplifiers viaD/A channels.The

Axon Digidata 1550 board can simultaneously supporbpeation and data collection of either
voltage or cumnt with up to four Axon MultiClamp amplifiers under Axon MultiClamp
Commander. Therefore, the Axon Digidata 1550 board can run four Axon MultiClamp amplifiers
to perform simultaneousctuple patckclamp recordings collecting either voltage or currena.dat
However, the Axon Digidata boards are not designed to operate in combination with other boards

from the same or different companies



Optics

To perform optogenetics experiments, stimulation lasers can be delivered to the tissues via optical
fibers anddr objective lenses. A modified optical fiber approach is the laserspritzer that can
improve the spatial resolution of light illumination spots (see below). An alternative way to
improve the spatial resolution is to combine singled twephoton stimuldon. The Zhu lab

found that it was possible to steer the light beam of dmdeped soliestate(DPSS)lasers into

the light path of a twqphoton laser scanning microscope. This enabled the optogenetic activation
of neurons with singlphoton laser pués and/or twephoton laser scanning stimulations in the
same experimentsThe single and twoephoton laser focusing spots could be aligned in the same
focal plane and controlled by single pair of scanning mirrors. To obtain the smallest laser spots,
laserbeams could be expanded by a telescope consisting of scanning and tube lenses to fill the

entire rear aperture of the objective.

Software

IGOR Pro (WaveMetrics Inc., Portland, OR) is an interactive software envirortimentvas
chosen to carry out experiments @ada analysis when the simultaneous dual, tripleqaiadruple
patchclamp recording techniques were initially developed. Over the years, many-h&<2|
programs have been custemitten to handle the operati, online and offline data analysis of the
experiments involved in multiple patdtamp recordings and imaging applications. Si@@R
Pro cansupportmultiple DAQ boardsby the XOP file released by HEKA Instruments Inc., the
Zhu labupgraded an IGO®Rased program used for quadruple pattdmp recordings to support

multiple ITC-18 boards and 8 or more amplifiers (Fig 3a). However, for-IBboards running



in the external trigger mode, the acquisition would not stop automatically even when the
designaeéd amount of data had been acquired. Thus, a stop command must be sent in time to
prevent the FIFO memory of I'FC8 boards from overflowing. Moreover, the available sample
interval setting in ITEL8 boards is related to the number of channels in operaliberefore, to
match the sample interval of multiple ITX8 boards, one should ensure that the same number of
channels in ITEL8 boards is operating the entire tint@nally, the sample rate of IC8 boards

is too slow to support fast data acquisitiang., twephoton laser scanning imaging. To
accommodate twphoton imaging, one may employ tNeDAQ Tools MX package that adds
support for data acquisition directly into IGOR Pr@/ith theNIDAQ Tools MX package, the

Zhu labwere able to use a sindl@OR-based program tsimultaneously run multiple NI boards

to control twephoton laser scanning imaging (and optogenetics) in addition td 8Mibards that

operate multiple pateblamp recordings (Fig 3b).

Besides IGOR, MATLAB (Mathworks IncNatick, MA) is another widely usethteractive
software environment. MATLABased Ephukas been developed for cellular electrophysiology
applicationgSuter et al., 2000 The Zhu labfound that Ephus could run simultaneous dual
recordings with its nostandard customized rtimies. Theprogram is structured in a way that it

can in principle support multiple recordings, including octygaleehhclamp recordingsbut b the

best of our knowledgthis particular application has not yet been officially verified. Currently,

the pogrammers of Ephus are working on a successor version of Ephus to include the routines
that will make it easy for the application of Ephus in controlling octuple or patehclamp
recordings. It is worth noting thaEphus can be easily linked wicaninage,a coevolved,

powerful package dedicated for typboton laser scanning microsc@éPglogruto, Sabatini, &



Svoboda, 2003 AdaptingEphus to run simultaneous octuple or more patamp recordings
should be an excellent alternative to satisfy the desire of combiisgrophysiological

recordings, twephoton laser scanning imagiagd photostimulation

It seems to be possibte use IGOR and MATLAB-based software programs to communicate
with Axon MultiClamp amplifiersusing boards other than the AxDigidataboards (e.g., ITE18
and NI broadgBrown & Hestrin, 2009pbBuchanan et al., 201Zouey et al., 201,3Xue, Atallah,
& Scanziani, 2014Yu, Bultje, Wang, & Shi, 2009 The approaches provide alternative solutions
to run multiple Axon MultiClamp amplifiersto achieve simultaneousiultiple patchclamp

recordings with twephoton laser scanning imaging and optogenetics.

Experimental design

While simultaneous multiple patatlamp recordings are powerful in decoding complex neuronal
circuits, the technique only works when all the componentthefcircuits (i.e., presynaptic

neurons, postsynaptic neurons and their synaptic connections) are intact in the tissue preparations.
Therefore, it is essential to have optimized brain slice preparations andualtyty patchclamp

recordings, which perinthe relatively unbiased interrogation of the local neuronal circuits with
their components | ocat e(@langesal., f2@L8 arkam & 25,0002 1, 000
Le Be & Markram, 2006A. J. Lee et al., 2014 efort et al., 2009Markram et al., 199Perin et

al., 2011 Reyes & Sakmann, 1999 To optimize the brain sle preparations, the Zhu lab
recommend the use of a higality microslicer that can generate laayaplitude and high

frequency movements of the cutting blade in a horizontal axis with minimal vibrations in the



vertical axis, which may confine tissue dage within ~10 um below the cutting surface and thus
produce brain slices with the best qudl@giger et al., 2002 The Zhu latalso recommend cutting
tissues at an angle closg@grallel to the projections of dendrites and axons of neurons to minimize
thetruncation of selective populations of axons and den@@tese et al., 2006Jiang et al., 2013

A. J. Lee et al., 2014]). J. Zhu, 2000 To achieve the higlguality recordings, the Zhu lab
recommend use of the lemoise amplifiers and interfaces (see the above INTRODUCTION of
electronics), propearrangement of connecting electric circuits, and extensive practice of patch
clamp recording skill prior to the actual experiments (see the BFERQACEDURE. The averaged
somatic wholecell recording traces obtained from the higlality recordings wilhave a solution

to discern ~10 pV (in the current clamp mode) or ~0.1 pA (in the voltage clamp modej&aagts

et al., 2013Le Be & Markram, 2006A. J. Lee et al., 2014 efort et al., 2002 Considering the
conductance of AMPA and GABA receptor chats, as well as the dendritic filtering effgdtsJ.

Zhu, 2000, the smallest excitatory and inhibitory synaptic inputs from the distal dendrite would
be ~50 uV or ~0.5 pA when they arrive at the soma. Thus, theguiglity patch clamp recordings
should detect these smallest synapttents, which has been experimentally verifigdng et al.,
2013 Le Be & Markram, 2006; A. J. Lee et al., 201&fort et al., 2008 The Zhu labdo not
recommend the use of a low or no sodiumirgy solution as a substitute forragh-quality
microslicer and/or a proper slicing procedure. This is because many superficial neurons, although
they may survive the slicing process in tbhe or no sodium solutigrhave their dendrites and
axons seuvely amputated. Recording from such neurons will interfere with achieving a more
accurate measurement of synaptic connectivity post hoccell identification. Although
programming thenotorized manipulatord move patch pipettes to the positions pisbve the

targeting tissue areas helps to speed up experiments (seeRROGEDURE, the Zhu labalso



do not recommend the use of the automated patch clamp systems since there is currently no patch
clampalgorithmdesigned to match the flexibility of a 8&d patchclamp experimenter. The Zhu

lab noted that based on the slightly different conditions of individual neurons, skilled
electrophysiologists are able to make the subtle modifications of parameters of all patch clamp
steps (e.g., size of pipettposition to target pipette, amount of positive and sucking pressure
applied, speed of sucking, and time to wait on sealing before-bre&i achieve higihguality

recordings from every neurons.

Of course, preparing healthy brain slices containing inpaesynaptic neurons, postsynaptic
neurons and their connections, particularly when the-thsigince circuits are examined, is not
always possible. In these cases, or to further investigate the incoming axonal fibers originated
from other brain areas oulareas, adding optogenetics to the procedure would be a solution
(Petreanu, Huber, Sobczyk, & Svoboda, 2(7ao et al., 2001 Furthermore, the multiple

vivo patchclamp recordings technique, which can be combined with extracellular
recording$Constantinople & Bruno, 20)3may be used to reveal and verify the key features of
the organization of €uronal circuit€liang et al., 2003 As with thein vitro preparations, high
quality animal preparation is essential since the injury, for example, at the cortical surface, could
preclude higkhguality recordings (and imaging) from cortical neurons and apical dendrites in the
superficial layers inn vivo experiment@liang et al., 20z3Viurayama & Larkum, 20Q9Tang,
Brecht, & Burgalossi, 2014/. Zhu & Zhu, 2004. At the momat, the yield for detecting neuronal
circuits with themultiple in vivo patchclamp recordings method is fairly lofdiang et al., 2013

Y. Zhu & Zhu, 2004. However, the Zhu labxpect this to be improved when the tplooton

imaging and/or optogenetics are combined to help search for the connections (see below).



Combiration with other techniques

The power of simultaneous multiple patdamp recordings in decoding complex neuronal

circuits can be boosted when combined with electrophysiological, genetic, optogenetic and/or

i maging monosynapti c ue®imatteah vitoamdin fiveexperinceht® t e c h
The electrophysiological s ear cHeldmeyereaochhisi q u e
colleaguef~eldmeyer et al.1999. This approach wutilizes a rel
Mq ) patch pipette as a fisearcho electrode to
presynaptic neurons and elicit action potent.i
short (~517T10 ms) current pul ses. Wh enitaryt he cu
excitatory or inhibitory postsynaptic potentials (UE/IPSPs) in recorded postsynaptic neurons, an
indicator of putative syrodpvil beaepasibonad &destotoen, t h
potential presynaptic neurons or removed. The normal patch pipettes will then move in to patch

the putative presynaptic neurons and fully characterize the synaptic connections between these
putative presynaptic amabstsynaptic neurons. Given the improved stability associated with the
updatedelectrode exchange/motorized manipulator systdma electrophysiologicali s e ar ¢ h 0
techniques can be applied repetitively and intermittingly withultaneous multiplpatchclamp

recordings during individual experiments to reveal more complex (e.g., transsynaptic) neuronal

circuits.



The first genetic approach, invented by t@allaway lab, uses the rabies virdsased
monotranssynaptic tracing technig@sakada & Callaway, 2018Vickersham et al., 2007 The
technique employs a modified rabies virus that can only retrogradely cross single synapses to label
a small population of presynaptic neurons. This technique anatomically identifies a few
monosynaptally connected neurons that can be used as the starting point for simultaneous
multiple patclaclamp recordings to reveal more complex neuronal circuits involved in these and
other neurons. The other genetic approat#veloped by Kim and colleagues, e tGFP
reconstitution across synaptic partners technique (GRA8RY, Kwon, Lee, Oh, & Kim, 2014

Kim et al.,, 2012 GRASPis based on thdunctional complementation between two
nonfluorescent GFP fragments expressed at the presynaptic and postsynaptic neurons,
respectively. If the nonfluorescent GFP fragments can be highly eegresdy in single
presynaptic or postsynaptic neurons within designated areas, GRASP may be potentially used as
a way toidentify the putative monosynaptically connected neurons although this idea has not yet

been validated.

A recently invented optogeneti Aisear c ho t e c hapticfberasedhapelspritzer a f i
to locally deliver laser light to activate presynaptic neuf®as, Wang, & Yang, 2034 The
Asearcho | aser spr it z e rcoré apticfiterof a Mationbde fibercdptib y p u |
patch cablainder a fire to generate~a5 1 -fin@diameter tip (Fig 4a). Theptic fiber tip is then
coated with the gl ass t hawaqm-ddmetertip (g 4p)®withc h pi p
0. 17 0. 8?lasaWpomen, theptic fibert i p pr o d u eum-diametertightGpoBtitat

can effectively activate single neurons expressing channelrhodopsin 2 (ChR2) and induce

UE/IPSPs in postsynaptic neurons (Figddc With a laserspritzer, a large number of potential



presynaptic neurons may be quickly scanned. Bame&ous multiple pateblamp recordings can

then be applied to make a full investigation of the putative and other potential synaptic connections.

The newesthannelrhodopsin actuatdZheRiff, produces ~2old larger maximal photocurrent
(~=2nA)andhas9 1 f ol d photoenrsensitisity compared to ChRibchbaum et al., 20)4

This makes it possible to use higtagnification objective lenses (i.e., 40x or 60x) to focus the
laser on the soma of CheRiff expressing neurons to elicit action potentials without applying the
high laserillumination intensity that can injure nmns Specifically, the Zhu labfound that to

elicit action potentials in all5 pyramidal neuronghe illumination intensity for ChR2 expressing
neurons was larger than 2 mW, whereas that for CheRiff expressing neurons was less than 200
MW (Fig 5a). Twe-photon laser scanning stimulations provide a better spatial resolution of laser
illumination spots than singlghoton laser pulse stimulations. However, the Zhu labfound that
even applying the various scanning techniques (e.g., spiral scaemmuprafocusing lower NA
objective, and their combinations) to increase the scanning areghtton laser scanning
stimulations could only produce ~2001400 pA
pyramidal neurons, which were not large enough tat elation potentials in the majority of L5
neurons. This is consistent with the notion that-ploton laser scanning stimulations only
stimulate a small fraction of the somatic membrane at HagiZ compared to singighoton
stimulations. Neverthelesthe increased CheRiff photocurrent makes it possible to combine
single and twaephoton laser stimulations to increase the spatial resolution of laser activation areas.
Our experiments showed that the combined siagld twephoton laser stimulation hacreased
half-height spatial resolution (~30 um) compared to the sippteton stimulation (~60 un{Fig

5b-c). Using thecombined singleand twephoton laser stimulation, the Zhu lebuld search the



putative presynaptic neurons and then confirmsghmaptic connections with subsequent multiple
patchclamp recordings (Fig 5d). It should be pointed out that the search method was only
effective in areas with sparse neurons expressing CheRiff because the Zhguabtly had false
positive connectiongue to the activation of bypassing axons of other expressing neurons. Further
improving the actuator construct to express CheRiff only in the soma and/or increase its
photocurrent (permitting the use of more tplwotordependent better spatial resolution
photonstimulations) should make this an efficient search approach for identifying putative

monosynaptic connections.

Finally, imaging techniques have also been used to identify monosynaptic connections. One early
developed technique uses current infeatis t o evoke a train of act |
neurons while optically monitoring a large number of neurons loadedcalitium indicatorgo

identi fy fAf KodloskiwtamzeiSichany & Yuste, 2001 This method allows the

detection of the putative postsynaptic neurons receiving strong facilitating excitatory synaptic
connections that are | arge enough to preoduce &
weaker excitatory synaptic connections or inhibitory synaptic connections typically observed in
central neuronal circuits, scientists have since developed a large hum@éiRdiased and
rhodopsinbased genetically encoded voltage indicators. The meséntly developed
archaerhodopstbased voltage indicatorQuasArs and ArcherBavether o | t age sensi ti v
to be ~301T90&1dO®amVt hus detect postsynaptic
enables the optical recording of single actiotepbalgFlytzanis et al., 2034Hochbaum et al.,

2014. However,QuasArs show rapid reduction in voltage sensitiftera fewrepetitive light

illustrations(Hochbaum et al., 20)4whereasArchershave the slow response time of multiple



millisecondgFlytzanis et al., 2004 The® imperfections hamper the use of the averaging strategy
that permits the detection of smaller postsynaptic responses commonly found at neuronal

connections.

In summary, these searching techniques can help identify anatomical or putative functional
monosyaptic neuronal connections. However, the currently available search methods usually do
not recover the cell morphology to unambiguously define the neuron identity. Moreover, both the
spatial (e.g., selectively activating presynaptic neurons) and ggugal detecting the common

small postsynaptic responses) resolution of the optogenetics and imaging search methods remain
to be improved (by ~1071100 folds) t ocelbe com
recordings. Therefore, although the imagimgl @ptogenetics methods can sometimes help to
quickly premap the putative neuronal connections, at the moment, they serve more as an aid than
a replacement of simultaneous multiple pattdmp recording technique in deciphering complex
neuronal circuits.In the other situations, for example, when the connectivity of neuronal circuits
are investigated, directly applying the multiple pattdmp recordings technique to randomly
target all neurons in the entire area without referring any connectivity diwgestbose from the

search techniques) would be a more accurate and productive ajpiaragiet al., 20L3A. J. Lee

etd., 2019.



MATERIALS

REAGENTS
o Experimental animals: Rodents (neonatal, developing, or mature)

. CAUTION Animal experiments must conform to all relevant governmental

and institutional regulations.
o Carbogen (95% oxygen, 5% carbon dioxide)
0 Sodium pentobarbital
o Atrtificial cerebrospinal fluid (ACSF; see REAGENT SETUP)
o0 Biocytin (Sigma, cat. no. B426BMG)
o CaCb (Sigma, cat. no. 22356B.5KG)
0 Cesium methanesulfonate (egBsSCs) (Sigma, cat. no. C14365)
0 D-(+)-glucose Dextrose,Sigma, cat. no. G8270KG)
0o EGTA (Sigma, cat. no. E3889)
o HEPES (Fisher, cat. no. BP31)
o KCI (Fisher, cat. no. BP366)
o0 K-Gluconate (Sigm, cat. no. P1847)
0o KOH (Sigma, cat. no. 319376)
o MgATP (Sigma, cat. no. A918700MG)
o MgCl: (Sigma, cat. no. 20833IKG)
0 NaGTP (Sigma, cat. no. G887IOMG)
o NaHPQ: (Sigma, cat. no. S8282)
o0 NaHCQG (JT Baker, cat. no. JT35H

0 Phosphocreatine disodium saluf{sN3OsPN&, Sigma, cat. no. P7938G)



o Double distilled water
EQUIPMENT

0 Anti-vibration air table (e.g., Newport)

o Dissection tools (e.g., Fine Science Tools Inc., scissors, forceps, scalpel, spatula)

0 High-quality vibrating tissue slicer (e.g., TedPédllam c . , Mi cr d@00)i cer E

o Razor blades for slicing (e.g., Gillette)

o Cyanoacrylate glue (e.g., Krazy glue)

o Filter paper (e.g., Fisher Scientific)

0 Incubation chamber: ideally this should be a submerged chamber often in a glass
beaker that allows for suffient oxygenation of the slices during the recovery
period along with dividers to keep the slices separate.

o Water bath

o0 Microscope

o0 Waterimmersion objective (40X)

0 Intermediate magnification to achieve sufficient magnification

o Platinum ring covered with aigrof nylon strings

0 Heater

o Osmometer (e.gWescor Inc.Vapro5600

o Horizontal electrode puller (e.g., Sutter Instruments, Brélaming R87)

o Stable motorized micromanipulators (see Introduction)

o Patchclamp amplifiers (e.gAxoclamp 2A/B and AxopatchDB amplifiers,see
INTRODUCTION)

o Interface adapters (e.g., USIB and/or PGIL8, see INTRODUCTION)



o Computer interface (e.g., IFC8 and/or NI BNCsee INTRODUCTION)

o Video monitor

o Software (e.g., IGOR Pro, see INTRODUCTION)

0 Thick-walled borosilicate glag®.g., Sutter Instrument, cat. no. B2006-10)
0 473 nm DPSS Lase€pherent Inc.OBIS 473 LX)

o0 Femtosecondi:Sapphire lasefCoherent Inc.Chameleon Ultra)

o Fiber optic patch cable (Thorlabs Inc., cat. no. M38L02, @200 pum)

0 Scanning mirrors (Cambridge Tewdlogy, 6210H)

0 Shutters (Uniblitz, UHS1 and CS45)

o Pockels CellConopticsinc., M35G80)

0 Photodiode detector (Thorlabs, PDA100A)

o Polarizingbeamsplitter(e.g., Newport, 05FC16PB.5)

o Mirrors (e.g., Newport, 10Z20ER.2)

o Transmission electron microscope (e.BOL Ltd., JEOL1230 transmission

electron microscope)

REAGENT SETUP

Artificial cerebrospinal fluid (ACSF) 125 mM NacCl, 2.5 mM KCI, 1 mM MgGJ 2

mM CaCph, 1.25 mM NaHPQ,, 25 mM NaHCQ@ and 25 mM dextrose (pH 7.4). Use
double distilled water. Measure themolarity using a vapor pressure osmometer. ACSF
should be ~300 mmol/kg. Throughout the procedure, ACSF must be saturated with

carbogen. ACSF should be stored at 4AC

an



Intracellular solution 135 mM cesium methanesulfonate, i HEPES, 2.5 mM

MgClz, 4 mM NaATP, 0.4 mM NaGTP, 10 mM disodium phosphocreatine, 0.6 mM

EGTA, 0.1 mM spermine and 0.5% biocytin, for current recordings; 120 mM potassium
gluconate, 10 mM HEPES, 4 mM KCI, 4 mM MgATP, 0.3 mM@@P, 10 mM disodium
phosphareatine and 0.5% biocytin, for voltage recordings (pH 7.25, osmolarity ~310
mmol/kg for both solutions). Intracellular solutions are made in 1 ml aliquots and then
storedat2 0 AC for up to 6712 months.

Patchpi pette sol ut i on -dttached Mmoslee Holutidni shguid ben c el |
based on the intracellular solution (in case of accidental break through) but devoid of
biocytin and very high potassiyfeldmeyer et al 1999. This solution can also be made

in 1 mL aliquots and stored&@ 0 AC f or wup to 6712 months.

EQUIPMENT SETUP

Patch-clamp setup(see INTRODUCTION) A description of the equipment needed for
patchclamp recording experiments can be found in Mal@cDevices Axon Guide and
previous publicatiofDavie et al., 2006

Platinum ring Flattened platinum ring covered with a grid of nylon strings used for
holding down the slice during recordiiglwards, Konnerth, Sakmann, & Takahashi,
1989.

Laserspritzer Laserspritzer can bdabricated from a multtmode fiber optic patch
cabldSun et al., 2014 Thecore optic fiber is exposed by stripping off the optic patch
cable cladding, heated by a homemade ggrigas burner, gently pulled to make a tip size

~5um (Fig 4a). The pulled end of the optic fiber is inserted through a glass pipette with



a-~2 0 1-@nBdiameter opening by 3 0 Tum Onder a microscope, and the tip of the glass
pipette is then melted by a heat gun to seal with the optic fiber (Fig 4b).

Optical setup To enable singleand/or twephoton stimulation, the Zhu labcombined the
beams of a 473 nm DPSS laser and a femtosedaSapphire laseusing apolarizing
beamsplitter The laser beams then were coupled into the light path of a coshol@ twe

photon laser scanning microscopehe power ofemtosecondaser was controlled by a
pockels cell. The dichroic mirrors ihé microscope were used to aid the fine adjustment

of DPSS laser intensity in the low power range. The pockels cell and/or Uniblitz shutters
were used to control the laser pulse durations and a pair of scanning mirrors were used to

control the position dfaser spots.



PROCEDURE (Step by step methodology)

Hardware wiring O0TI MI NG Approximately 4112 h

1)

2)

3)

4)
5)
6)

7)

Mount data acquisition (DAQ) boards into computer.
For Instrutech ITE18 DAQ boards, mount USB8 or PCi18 host interface
adapters into a computer and cortrtbem to ITG18 interfaces.
For NI DAQ boards, mount boards into the computer by proper data bus and
connect them to compatible BNC adapters.
According to your trigger strategy, wire all DAQ boards together.
Connect all patciclamp amplifiers to DAQnterfaces, with BNC cables for current and
voltage output ports connected to A/D ports, and external demand ports connected to
D/A ports of DAQ interfaces (Fig 2).
Connect all headstages to the pattamp amplifiers.
Mount micromanipulators around recard chamber and adjust their positions.
Mount all headstages onto the micromanipulators.
Connect the micromanipulators to their controllers and control pads/wheels/joysticks.
For L&N manipulators, connect controllers together and set them as mastaver sl
properly so that all manipulators can be controlled by a single SM7/8 pad.
z CRI Tl CAL PsopeE &rangement and wiring of instruments reduces the noise
level and thus decreases the number of recording traces needed to detect synaptic

connections.

Software installation OTI MING Approxi mately

4



8) Install drivers for DAQ boards
9) Install recording software, including IGOR Pro 6.0, XOP files for DAQ boards, and
customwritten data acquisition and analysis programs.
Y PAUSE PT@d oNeration of the syem can be tested with model cells during this

period. Once the system is working with model cells, it is ready to be used with acute

brain slices.

? TROUBLESHOOTING

Brain dissection and preparation of acute slices TI MI NG Approxi mately 751
10) Fill a 100 ml beaker with ACSF and place it on ice with salt. Pour ice water around the
stage of the microslicer. In a 250 ml beaker, insert a submerged slice chamber with
dividers. Fill the beaker with ACSF to just below the top of the chamber and place in
37°C water bath. Bubble the ACSF in both beakers to saturation with carbogen.
zCRI Tl CAL AldowEsHTficient time for ACSF to cool (until the ice in ACSF is
visible) and saturate with carbogen.

Y PAUSE PWaitldtTeast 15 minutes before procegdo the next step.

11) Anesthetize the animal (e.g., with an intraperitoneal injection of sodium pentobarbital at

90 mg/kg of body weight).

. CAUTION Follow appropriate guidelines and regulations for animal experiments.



12) Once deep anesthesia has been eshedal, decapitate the animal with large scissors or a
guillotine. Cut the skin along the midline to reveal the skull. Using small scissors cut
the skull with slight upwards pressure. Peel the skull back with tweezers. Immediately
pour icy ACSF over thérain. Using a scalpel, cut along the midline of the brain and
extract the brain into the 100 ml beaker filled with icy ACSF.

Y PAUSE P Albvthe: brain cool at this point. The time needed will depend on

the size of the tissue block extracted.

13) Apply a thin layer of glue onto the platform in the chamber of the microslicer. Use a
spatula to transfer the brain onto a piece of filter paper to remove excess ACSF. Make

sure the midline of the brain is sufficiently dry.

14) Gently place the brainmothe platform in the cutting chamber. After the brain is
sufficiently glued in place, submerge the brain in the microslicer chamber with icy ACSF.
z CRI T1 CAL TieTirReHrom decapitation to submersion of the brain in icy ACSF,
along with the time thbrain is out of solution, must be kept to a minimum.

? TROUBLESHOOTING

15) Begin slicing the brain. After removing a small initial section to examine the region of

interest, cut slices at ~3001400 Om. Ens.t



vibration amplitude and frequency, are optimal for slicing without compressing the brain.
The optimal settings will depend on the type of slicer used.

zCRI TI1 CAL Gpflntizing the slicing settings will facilitate the production of the
highest qualityissue slices. The slicing speed should be lower for both the softer neonatal
and harder adult and aged brain tisglies Zhu, 2000

? TROUBLESHOOTING

16) Transfer slices to the incubated chamber after each slice is obtained. Keep track of the
order of each slice. Using a partitibelps keep the slices separated and ordered. Incubate

slices in oxygenated ACSF for 30160 min at

Visualization and determining the optimal sliced TI MI NG Appr oxi mately 15
17) Transfer a cortical brain slice to the recording chamirerthe sage of an upright
microscope.The recording bath should be continuously perfused with oxygenated ACSF
and held at 34.0 £ 0.5°C. Orient the brain to help identify neurons from distinct layers.
Hold the slice in place on the chamber by placing a platinogicovered with a grid of
nylon strings on top of the slice.

? TROUBLESHOOTING

18) Using a 40X watermmersion lens with a 2X magnifier, assess the overall health of the
tissue and cells. Identify a layer 5 (L5) pyramidal neuron in the cortex and visaaKky

its apical dendrite towards L1.



zCRI Tl CAL IisanKealslice, the entire apical dendrites of many L5 pyramidal
neurons can be visually tracked with minimal focusing through the slice. Typically, only
one or two slices per animal meet thisuiegment.

? TROUBLESHOOTING

Octuple patch-clamping 0 T | MI Ap@oximately 30-45 min (~45 min per cell)

19) Once the ideal slice has been chosen, examine the area of interest for cells. Identifying
healthy cells and then determining which electrode woult gesh which cell will help
expedite the patching process. When search techniques are used, the Zhu labrecommend
capturing transmitted light images of the cells in the area with the landmarks to help to find
the putatively connected cells (¢Le Be & Markram, 200§.

? TROUBLESHOOTING

20) Using a needle and filter, fill a glass electrode with enough intracellular solution to cover
the electrode wire. Insert the electrode into the pipette holder and firmly seal the holder.

21) Apply positive pressure (~20160 mbar) to
tubing attached to the side of the pipette holder. Maintain the pressciasing a valve.
Repeat this step for all electrodes.

22) Move a pipette into the bath and underneath the objective. Make sure the tip of the pipette
is not clogged and there is a steady stream of ACSF from the tip.

23) Decrease the positive pressure utitdre is a very small stream of ACSF out of the tip.
This will reduce the chances of clogging the pipette and decrease the amount- of high

potassium solution flowing onto the slice.



24) With the electrode in voltage clamp, apply a voltage step (e.g., 1 mYs Bguare pulse)
to determine the current deflection. Usin
be calculatedR = V/I). This resistance gives a good indication of the tip size and can
verify that the pipette is unblocked. The resistance bfe pi pette shoul d b
Mq .

25) Lower the pipette towards the slice.

26) Repeat steps 283 for the remaining electrodes. Using the preinstalled or custaien
program to control the motorized manipulators in the steps can beavirey. Note usi
the automation increases the risk of the electrodes colliding with each other or with the
slice and objective.

27) Zero any voltage offsets.

28) Move the first pipette into position and increase the positive pressure. Lower the pipette
into the slice. Ensuréére is adequate positive pressure to blow debris away from the tip.
zCRI Tl CAL &IledniRg off the debris surrounding the targeting cell is a
prerequisite for a higlquality patch recordingdwards et al., 1989 The exact amount of
positve pressure needed, ranging from ~207160
including the electrode tip size, depth of the targeting cells, and tissue health. Application
of proper pressure can be crucial f®G®q cl eart
would be ideal) seal patatiamp without interfering with other recordings. The Zhu lab

recommend sufficient patetlamp recording practice prior to the actual experiments.

29) Slowly advance the electrode towards the cell. An increase in resistaegen(siee test

pulse), along with the appearance of a dimple on the cell, should occur as the tip approaches



the neuron. At this point, release the positive pressure and apply negative pressure to the
electrode. Clamp to a negative potentiall 0mV) tofacilitate the formation of the high

resistance seal. Release the negative pressure and withdraw the electrode slightly if the
pi pette has advanced too far into the cell
negative pressure to break into tbell bringing the electrode to a whatell patch
configuration with access to the intracellular milieu.

30) Repeat steps 287 with the remaining electrodes. At this point different strategies can be
employed, such as searching for connected cells withettfeniques described above.
Afisearchingo pipette can typically be wused
However, it should be exchanged once a lesesa cannot be established. As with the
patching electrodes, the amount of positive pregfsure2 01 6 0 mbar ) needed f
electrodes should be just enough to clear away debris in front of the electrode but not
disturb the other electrodes.
zCRI Tl CAL Hgh-guRlity patch recordings with minimal damage of neurites in
the recording arelaelp to achieve a more accurate neuronal connectivity measurement and
cell identification. Multiple attempts and side movements of electrodes should be avoided
when approaching the targeted neurons. Proper training and sufficient practice of
animal/tisse preparation and patch recording skills prior to the actual experiments can be

extremely beneficialChen et al., 2032 arkum & Zhu, 2002Y. Zhu & Zhu, 2004.

Identifying and examining synaptic connection®d TI MI NG Appr oxi mately 6

(~1560 min per two cells)



31) Place the cells into currestamp mode. Inject a depolarizing current step (~10 nte) i
one of the cells to reliably induce an action potential in the presynaptic neuron. To speed
up the investigation, an alternative approach is to inject a depolarizing current step into one
of the cells, and another current step into another cell age-later in the tests. Monitor
the current or voltage of the other cells for a postsynaptic response.

? TROUBLESHOOTING

32) Record 58250 sweeps. The amount of sweeps necessary to establish a postsynaptic
response will depend on the strength of the respans the noise le@ebanne et al.,
2008.

? TROUBLESHOOTING

33) After characterizing the physiology and allowing sufficient time for filling the neurons with
biocytin, slowly withdraw a pipette (ideally you should be able to see the membrane stretch
away from the cell). Once the pipette isHb microns awayretract the pipette rapidly
out of the recording chamber.

z CRI1 T1 CAL DgperigiRg on the extent of the dendritic tree and axon, recordings
must last at least 50 minutes to allow for the sufficient diffusion of biocytin into the
neuron. The Zhu labuppose that the failure to reseal the membrane after the electrode
removal to be the primary contributor to loss or incomplete recovery of the morphology of
the small percentage of cells.

? TROUBLESHOOTING



34) Fix the slice (lying flat) in 3% acrolein/4¢@araformaldehyde in 0.1 M phosphdtaffered
saline at 4AC for 247148 hours.
YPAUSE PROIXNSTd ti ssues can be kept at 4AC
zCRI Tl CAL I&llding acrolein in the fixation solution helps to preserve the
ultrastructure of the brairlise tissues.

. CAUTION Acrolein and paraformaldehyde are toxic and/or carcinogen. They should

be handled according to the approved institutional biosafety protocol.

Morphological reconstructiond T1 MI NG Approxi mately 217 d
35 After t he 2471 4 ®eridd,opuocess ithe cslicd asing the awvidiotin-
peroxidase method to elucidate the morphologies of the recorded cells. An example
protocol can be found in a previous publicafidarx, Gunter, Hucko, Radnikow, &
Feldmeyer, 2012
zCRI T1 CAL IfShe HlIRastructure examinatios planned to validate synaptic
connections, overreaction of avieiiotin-peroxidase should be avoided since it prevents
visualization of presynaptic and postsynaptic ultrastructure.  The fixation and
immunostaining processing may need to be modifigtigfinvestigator is interested in
further examining the neuronal connections of recorded and other neurons with the
CLARITY proceduréTomer, Ye, Hsueh, & Deisseroth, 2014

? TROUBLESHOOTING

36) Use a computerized reconstruction system, such as NeuroludiB& Bioscience,

Williston, VT), to reconstruct the recorded neurons.



Electron microscopic examinationd TI MI NG Approxi mately 4718 wl

37) Resection the slice into 60 um sections and postfix in 1%40s0

38) Counterstain the sections with 1% uranyl acetate.

39) Choose areas of interest (~50 x ~50 [tina@ contain putative synaptic boutons from single
synaptic neurons. Flat embed the sections in resin.

40) Carefully excise and then resection into 80 nm ultrathin sections with an ultramicrotome.
Do not excise and resection if the synaptic boutons origipdéitom different presynaptic
neurons are too close to separate.

41) Examine the ultrathin sections in sequence by following the labeled dendrites using a
transmission electron microscope. These will typically lead to all microscopic synapses
except those vgrfew synapses either destroyed during electron microscopic processing or
hidden behind grids. The order in which each synapse is identified should be predicted by
the Neurolucida reconstruction.

z CRI T1 CAL BS8causditis not possible to unambiguoudgntify the origins of

the presynaptic terminals under an electron microscope, it is important not to include the
synaptic boutons originating from different presynaptic neurons in the same ultrathin
sections. In addition, reconstructing the presynapticpostsynaptic neurons and marking
their putative contact sites with Neurolucida, and examining the ultrathin sections in

sequence, will facilitate the recovery of synapses under the electron microscope.

Table 1b Troubleshooting table.



Step  Problem Possible reason Solution

7 Lack of Cables are not connected Connect the cables correctly (see
signal/command correctly Figure 2)
operation

8-9 Software will not Program is not installed ~ Check that the program is installe
load/acquire correctly correctly
data/execute
commands

13-17 Cannot identify slice Did not cut slice at correct Make sure brain tissue is flat on
containing dendrites angle the ramp
parallel to plane of
slice/ cannot trace LE

apical dendrite to L1

Slice is unhealthy Follow the correct slicing
procedure
Optics are not optimal Optimize the optig®avie et al.,
2009
29 Losing cell after Moving pipette within slice Only move forwards/backwards

patching another is disupting the slice diagonally through the slice



30

Lack of postsynaptic

response

Pipette tip has drifted from Move previously patched

cell

electrodes back to their original

location on cell if it has moved

Too much positive pressui Adjust the pressure tihe pipette

Slice is not healthy

Slice does not contain

parallel dendrites

Cells are too superficial
and connections are

severed

Cells patched do not

connectn situ

The holding potential of

the postsynaptic neon is

Correct slicing procedures must t

followed

Make sure that the pyramidal
apical dendrites run parallel to the

surface of the slice

Patchcells deeper in the slice

Try searching for connections

Modify internal and holding

potential



31-33 Morphology is not

recovered

too near the reversal

potential

Release probability is too

low; axon failure

Noise level is too high

Cell dies while recording

Cell membrane breaks

down wherelectrode is

removed from cell

Problem with the biocytin

filling and/or labeling

procedure

Stimulate 3 or more action

potentials

Reduce the noise level

The cell must be healthy when

retracting the electrode

Remove the electrode more slow

Follow the correct biocytin

labeling and diaminobenzidine

based procedegMarx et al.,

2012



OTI MI NG

Steps 17, hardwarevi r i ng: 41 12 h

Steps&®, software installation: 4112 h
Steps10l 4, Dbrain dissection and preparation of ac
Steps1681 6, vi sualization and determining the opti

Steps 1728, octuple patcle | ampi ng: 30145 min
Steps®3 2, identifying and examining synaptic col
Steps38B4, mor phol ogi cal reconstruction: 217 d

Steps389,el ectron microscopic examination: 418 wk



ANTICIPATED RESULTS

With a stable octuple recordings system properly set up as described, atoultaneous
recording from 8 neurons is fundamentally similar to recordings from one or two neurons. A
skilled electrophysiologist can expect to master the technique and make it as a routine within ~1
month. Afterward, the investigator can typicadlyc hi eve 618 successfully
slice on the first attempt. Then, the investigator may decide if it is necessary to replace the failed
pipette(s) to get the missed/new neurons. The success rate of patching additional neurons by
replacingppet t es wi t hout | osing those already recor
usually last for 214 hrs, permitting the full
identification. Compared to the previous experimgrikum & Zhu, 20@; J. J. Zhu, 2000 both

the success rate of-patching neurons and the recording timéigh-qualityin vitro andin vivo
recordings are significantly enhan¢&idng et al., 2033A. J. Lee et al.2014. The Zhu lab

attribute these achievements primarily to the recently improved mechanical stability of the L&N
manipulators an@ssociated guide rail electrode exchange systems. The expected yield for the
number of synaptically connected neurons will depend on the actual connectivity of recorded
neurons, as well as other factors, such as the quality of the preparations and twaetharching

techniques outlined above are performed.

Simultaneous pateblamp recording from 4 or more neurons allow the examination of complex
neuronal circuit patterns (e.geciprocal, transitive, circular, parallel, converging and/or diverging
circuits and their combinations) that are involved in multiple excitatory and inhibitory neurons,
which seem to be common in the bfdiang et al., 2013.e Be & Markram, 2006A. J. Lee et

al., 2014 Lefort et al., 2009Perin et al., 2001 Although the Zhu lakdocus on the setup of



simultaneous octupleagch-clamp recordings and exemplify applications in rat cortical brain slices

in this protocol, the Zhu ladnticipate that the approach can be adapted to set up other simultaneous
multiple (quadrupléduodecuple) pateblamp recordings systems as wellMoreover, the
technology can be employed to investigate the functional organization of neuronal circuits in many
different brain regions across a broad range of species (from mice to monkeys) at all developmental
agedn vitro andin vivo. For the wide rargof neonatal, developing and adult animalitro and

in vivo preparations, the Zhu laiefer to other previous publications and protog@hen et al.,

2012 Davie et al., 2006Jiang et al., 201 Xitamura et al., 200&omai et al., 2006A. K. Lee,
Epsztein, & Brecht, 200%tern, Maravall, & Svoboda, 2001 J. Zhu, 200QJ. J. Zhu & Connors,

1999 Y. Zhu, Stornetta, & Zhu, 2004 As discussed above, multiple patdamp recordings with
two-photon laser scanning microscopy and optogenetics is instrumgrassible; together they
would work complementarily or synergistically in the investigation of complex local and long

range neuronal circuits.
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FIGURE LEGENDS

Figure 1. Manipulators for simultaneous multiple patchclamp recordings.

(a) Photograph of an array eight MINI L&N motorized manipulators at a standard microscope.
(b) Photographs of the sidbaj and top Ip2) views of a 15dmm W x 152mm D x 197mm H

MINI L&N motorized manipulator first invented in 1992 (left), a 204n W x 114mm D x 130

mm H JUNICR L&N motorized manipulator redesigned in 2010 (middle), andmdOW x 114

mm D x 157mm H JUNIOR Compact L&N motorized manipulator developed in 2013 (right) on
a 25mmegrid breadboard. Note ~50 mm width of the JUNIOR Compact manipulator ir the y
axis. Note that the red adaptors can be custemoved to further reduce the width of the

manipulators.



Figure 2. Hardware wiring for simultaneous multiple patch-clamp recordings
Schematic sketckhows the hardware wiring of the computer, interfaces and olatops for the
simultaneous mul -clamp reeordihgd setup. unsdt image ghewss artangement

of the eight patch pipettes and recording chamber.



Figure 3.1GOR-based programfor simultaneous multiple patch-clamp recordings

(a) Screenshadf IGOR-based program testing synaptic connections formed among eight recorded
neurons.

(b) Screenshot of IGOMRased program measuring calcium transients at synapses of two neurons
Note that IGOR-based progranmdisplayed on multiple monitorg€an simultaneously run
electrophysiology, twgphoton laser scanning imaging and/or optogenetics routines

(c) Flowchart showing generic sequence of operations during experiments. The laser light for
optogenetic stimulation is delivered through the olbjeadf the microscope (when no image data

acquisition is required) and/or an optic fiber.



Figure 4. Laserspritzerrbased synaptic connection fisearcho
(a) Schematic graph shows the fabrication of laserspritzer fiber probe.

(b) The tip of a lasemitzer (1) and light spot produced by the laserspritzer with laser illumination

(b2) under a microscope.

(c) 3-D transparent rendering ofsensorimotor cortical brain sliggepared from a-fhonth-old
VGAT-YFP-ChR2 (green) positive mous&). L2 neuron (red) filled with alexa 594 (0.2 mg/ml;
Invitrogen, A10438) ¢), ChR2expressing cellsc§), and positions of the soma of ChR2
expressing cell 3 in the red circle and stimulating laserspritzeurider differential interference
contrast and/or tlorescence microscopy. Arrowheads indicate the somata of interneurons
expressingYFEh R2 and numbers 1718 indicate cells sti
(d) Laserspritzer stimulation (8 ms; 0.1 mW/frat two of eight ChR2xpressing cells elicited

IPSCs wih short (<6 ms) and fixed latencies in postsynaptic L2 neuron. Note 10 consecutive
recording traces shown in black, average- autdl suprahreshold responses shown in red, and

laser stimulation indicated by blue barslhese animal experiments were amaw by the

University of Wyoming appropriate institutional animal care and use committee.



Figure 5. Single- and two-photonlaserb ased synaptic connection fse
(a) Action potential thresholds for cortical L5 pyramidal neurons expressingeeit Ch R2 ( O2
HW,n= 1; 20m20D; O 0 Tn2 1102 W HIV out of 23 neurons tested) or

CheRiff (<20 pW,n= 3 3 ; 2 01 =24®m@ of @Weurons tested) in respond to a 5 ms 473

nm singlephoton laser pulse.

(b) Left, schematic grapbhows the photostimulation started with a 20 ms 920 nraptvadon

spiral laser scanning followed by a 5 ms 473 nm sipglaton laser pulse. Right, responses in a
CheRiffGFP expressing cortical L5 pyramidal neuron to a 5 ms 473 nm-gupsdhold single

photon laser pulse stimulation alone (cyan trace), a 20 ms 920 rtinresbold twephoton laser

spiral scanning stimulation alone (red trace), a 5 ms 473 nathseghold singlghoton laser

pulse stimulation alone (blue trace), and the combination ofubéhreshold twephoton laser

spiral scanning and singfghoton laser pulse stimulation (pink trace) under dG18XNA Olympus

objective lens.

(c) Top, responses of a CheR@GFP expressing cortical L5 pyramidal neuron to the supra
thresholdsinglephoton laser pulse stimulation (cyan traces), and the combination of the sub
threshold twephoton laser spiral scanning and sirgheton laser pulse stimulation (pink traces)

with the objective lens focusing point moving away from the soma. Bpfitmhof the average
suprathreshold action potential responses of CheBHP expressing L5 pyramidal neurons

against the distances between the laser focusing spot and soma of L5 pyramidal neuins (

Note the halheight spatial resolution of theombined singleand twephoton stimulation (~30

pm) is smaller than that of the singd@oton stimulation alone (~60 pm).



(d) Reconstruction of four L5 pyramidal neurons recorded simultaneously from an acute cortical
slice superimposed on the transmittigght image captured during the recordings. The double
colored dots indicate the putative synaptic contacts identified by light microscopy.

(e) The schematic drawing shows symbolically the synaptic connections.

(f) Upper, the combined singleand twephaon optogenetic stimulation of CheRiGFP
expressing cortical L5 pyramidal neuron (green) evoked uEPSCs in one of L5 pyramidal neuron
(orange), but not two others (blue and red). The monosynaptic connection was confirmed after
CheRIif-GFP expressing neam was patched and electrically stimulated in the whele
configuration. Note the slightly smaller amplitude and longer kinetics of average uEPSC evoked
by the optogenetic stimulation compared to that evoked by the current injection in postsynaptic
neuwon due to the slight jittering of optogenetically evoked action potentials in presynaptic neuron.
The majority of the unconnected axonal branches of the pyramidal neurons are not reconstructed
for simplicity, and these animal experiments were approvedhbyUniversity of Virginia

appropriate institutional animal care and use committee.
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