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Voltage imaging of many neurons simultaneously at singleedl resolution is hampered by
the dif culty of detecting small voltage signals from ovedpping neuronal processes in
neural tissue. Recent advances in genetically encoded valge indicator (GEVI) imaging
have shown single-cell resolution optical voltage recordgs in intact tissue through

imaging naturally sparse cell classes, sparse viral exprsi®n, soma restricted expression,

advanced optical systems, or a combination of these. Widesgead sparse and strong

transgenic GEVI expression would enable straightforwardptical access to a densely

occurring cell type, such as cortical pyramidal cells. Herave demonstrate that a recently

described sparse transgenic expression strategy can enablsingle-cell resolution voltage
imaging of cortical pyramidal cells in intact brain tissue ithout restricting expression to

the soma. We also quantify the functional crosstalk in braitissue and discuss optimal

imaging rates to inform future GEVI experimental design.

Keywords: voltage imaging, cerebral cortex, sparse express ion, optogenetics, transgenic

INTRODUCTION

Over the last decade, functional uorescence imaging hastoe a key technology in cellular and
systems neurosciencesn@pfel et al., 2006; Scanziani and Hausser, 2009; KnopfeR; 20len

et al., 2017; Chen et al., 2017; Otis et al., 2017; Yang an,YA&L). The most prominent
applications includen vivo imaging of genetically encoded calcium indicators, suclb@aMPs
(Nakai et al., 2001; Chen et al., 2)1lat have enabled studies of large numbers of single cells
longitudinally (Mank et al., 2008; Chen et al., 201Mnaging of genetically encoded voltage
indicators is less widespread despite being a longstandiabdgiven by high expectations. The
lag between the development of calcium imaging approaches eltee imaging technologies is
because the latter is more demanding due to several intriognstraints Kulkarni and Miller,
2017). Firstly, in contrast to calcium indicators which are Idzed in the cytosol of the cells of
interest, voltage indicators are localized to their plasmambranes, which account for a tiny
fraction of their volume. This limits the number of indicatanolecules that can be employed and
hence the ux of signaling photons that can be generated. @&#Hgpvoltage signals of interest are
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typically much faster than the signals provided by calciunoptical voltage signals to individual cells in intact braisstile is
indicators and therefore must be imaged at higher frames.ate an inherent problem for voltage imaging.
This is not only an instrumentation challenge but also trass, Formally, the issue of single cell resolution can be descilsed
along with the limited number of dye molecules, into a sigtal ~ follows: an optical signal from a cell of interest is compromised
noise ratio (SNR) challenge, as a su ciently high SNR reqalire by shot noise generated by non-signaling uorescence emirama
a large number of photons sampled per spatiotemporal bin (e.gfrom the membranes of other uorescent cells and tissue
10,000 photons are required in order for a uorescence charige auto uorescence (the “background”). The fractional charig
1% to have an SNR of 1). collected uorescencel, F/F, will be reduced tol f, 1F=F

Optical voltage signals need to be imaged at a frame ratgherefy is the fraction of uorescence arising from non-signaling
su cient to resolve the signals of interest (e.g., actionguials  structures. Background uorescence also has a detrimerdat e
or subthreshold uctuations of membrane voltage). Howeveron SNR. In a shot noise limited imaging system, SNR will be
the appropriate GEVI imaging sampling rate further dependseduced proportionally to the SNqueasured in the absence
on the time course of the pptical signal g.ene.rated by they background uorescence (SNRas 1 f, SNR (Knopfel
GEVI used. Due to the non-instantaneous kinetics of GEVIs . . .

. . . . et al.,, 200p Reducing the excitation volume in an attempt

the optical signal is generally low-pass lItered relative tetfa

. . . . . A to minimize the contribution of uorescent membranes of
voltage signals (i.e., action potentials). Imaging at raigber

than necessary degrades SNR by increasing the proportion agjac_ent cells and their Processes, for instance _by_usmgyh|gh
. g . . . . ocalized two-photon laser scanning (2PLS) excitation, cegu
time spent on image readout relative to signal integration an

. . . . the amount of non-signaling uorescence collected at the cost
increases accumulated read noise. Increasing frame rétesuy . . o
. . . - . _.of very low rates of signal-carrying uorescence excitatio
reducing the SNR also necessitates an increase in illuromati o . :
intensities, which will increase the bleach rate and reditee resulting in low SNRs. This makes 2PLS microscopy a poor
. A . . choice for most voltage imaging applications, although it has
available imaging time. Imaging at frame rates above 10GHz . . )

Iso limited by i technol d oft - een used successfully in some experimental paradigims (s
aso imited by iImage sensor technology and often requisesgl — al.,, 2012; Akemann et al., 2013; Chamberland et al., 2017;
fast, low pixel-number charge coupled-device (CCD) cameras,

ixel sub-arrays from most modern sCMOS cameras Chavarhaetal, 20).8
P arrays . . . S ) In voltage imaging applications aimed at single-cell resohyti

When imaging with wide- eld illumination, photons are . L o
integrated throughout virtually the whole frame period ancl|nstead of limiting uorescence excitation to small volusyea
. L ractical approach to maximize the contribution of a single
therefore fast uorescent transients can be detected efvérei P Pp g

. : te is below th inal Nvauist rate of th i IceII to the uorescence measured across an ROI is to limit the
imaging rate 1s below the nominal Nyquist rate of the optica spatial overlap of uorescence from di erent cells. Targeting a
signal. This is because the integration of detected photees o

he f iod i e | | h voltage indicator to single or multiple spatially segregatedscell
the frame period applies an e ective low-pass lter 10 the ¢ peen achieved by intracellular injection or electroporaf

collected uorescence signal. This contrasts with lasanstg |5 molecular weight dyeg\qitic, 2003; Roome and Kuhn, 20118
illumination techniques where photons are collected forteac g approach, however, is limited to a single or a few cells in
pixel for only a short fraction of the frame rate, and a frameera o microscopic eld of view (FOV). Therefore, voltage imagjin
above the Nyquist frequency must be used to ensure detectifhsed on low molecular weight voltage indicators is pratijica
of fast transients. That is, a neuron's action potential msse@e  |imjted to single dye-injected cells or, using unselectivenstgi
detection if it occurs between visits of the neuron by thetapot procedures, to population imaging without single-cell resalnti
in LSM. The choice of wide- eld imaging speed appropriate to(Grinvald et al., 2003; Antic et al., 201%e reasoned that sparse
the indicator and experimental question is therefore impatta labeling of neurons using genetic methods applicable to GEVIs
Improvement of SNR has been the driving force for much ofcouid provide a practical intermediate experimental paradigm
the previous work on voltage imaging. Recently, new photostablg|iowing multi-cell voltage imaging at single cell resaut{Song
low molecular weight voltage sensitive dyes and gensticalkt )., 201y, Sparse labeling has the advantage of the single
encoded voltage indicators (GEVIs) have been developed{ cell labeling approach of reducing or eliminating unwanted
et al., 2015; Sepehri Rad et al., 2017; Xu et al.,, 2017, 20pgckground uorescence, whilst still labeling multiple cells in a
Abdelfattah et al., 2018; Adam et al., 2018; Chavarha et atQV. Sparse labeling neurons will create opportunities fortmul
2018; Piatkevich et al., 2018; Yi et al., J0IBhese have cell, single cell resolution imaging aimed toward understag
greatly increased sensitivity ( uorescence change witinge in  signal processing in neuronal networks.
membrane voltage), considerably increasing achievabiRsSN Single-cell resolution genetically encoded voltage mgic
Another feature of voltage indicators adds a third issuet tha(GEVI) imaging requires not only sparse, but also strong
needs to be resolved: as a consequence of their plasma membragpression to enable an adequate collected photon ux. Gene
localization, optical voltage signals from adjacent celfsnot be  delivery via intracortical injection of viruses produces egsion
resolved without imaging at sub-micrometer resolution,ieth  patterns where the expression strength and likelihood deeseas
is largely impractical for functional uorescence imaging@ss with increasing distance from the injection site and viriteit
multiple neurons. Calcium signals, in contrast, are morélgas Sparse expression can therefore be achieved with modi cation
resolved in intact brain tissue as “blinking” cell bodiesittltan  to injection protocols, albeit in a local and highly variablay
readily be segregated. Hence, alongside low SNRs, allo@itio and with low expression levels (on averagé virus particle
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per cell and therefore often only 1 virus per expressing cellynultiple intra-peritoneal injections over 2 consecutive dags
Another strategy to limit the density of indicator expresgin described inSong et al. (2017For comparison, transgenic mice
membranes is the targeting of a GEVI to speci c compartmentslensely expressing chimeric VSFP-Butter y in all pyramiddkce
of the cell. Recent works showed that, indeed, soma targetingere used [‘pan PC line,” CaMK2A-tTA; tetO-chiVSFBaong

of GEVIs can reduce the number of labeled membranes anel al., 201§.

enable single-cell signals to be extracted from sequentes o

images Qbdelfattah et al., 2018; Adam et al., 2n1¥oltage  Slice Preparation

imaging of naturally sparse cell populations, such as cortic8lices from transgenic mice were prepared at least 2 weeks post
interneurons, at single cell resolution is achievable witindard  TMP injection. 400mm coronal slices were cut using a Campden
transgenic mouse line8fyguinov et al., 20)./Dual component Microtome 7000 from 4 mice between 50 and 108 days old in
expression strategies based on Cre-I8xi(er and Henderson, ice cold ACSF oxygenated with 95%/8% CQ containing (in
1989 and tetracycline response elements (TREp¢sen and mM): 125 NaCl, 25 NaHC@ 20 glucose, 2.5 KCI, 1.25 NgiPDy,
Bujard, 199)are especially useful for GEVI imaging experiment2 MgCh, 2 CaCj. The slices were immediately transferred into
aimed at cortical circuit analyses, as these expressiotegitea NMDG-ACSF (Ting et al., 201)tcontaining: (in mM) 110 N-
label all cells of a genetic class with high expression levdidethyl-D glucamine, 2.5 KCI, 1.2 NaiRO,, 25 NaHCQ, 25
(Madisen et al., 20)5In the case of non-sparse cell classesGlucose, 10 MgGJ 0.5 CaCl, adjusted to 300-310 mOsm/kg,
in particular cortical pyramidal cells, sparse stochastigeéing pH 7.3—7.4 with HCI, oxygenated with 95%/5% CG at 36 C

can be achieved by controlling activation of a strong expoess for <12 min before they were transferred back into the original
cassette via the titratable activity of destabilized Cando sodium-containing ACSF for at least an hour rest before imgg

et al.,, 2013; Song et al., 201We previously demonstrated

this strategy at the morphological level and demonstratedsspa Imaging

but strong (“Golgi-staining like”) expression from a GEVI in Healthy uorescent cells were identi ed using gradient crast

a transgenic mouse lineSpng et al., 20)7Here we validate IR and uorescence optics. Patch pipettes were pulled to a
this approach for functional voltage imaging which requiresresistance between 3 and 18 Mvhen lled with the following
higher expression levels than simple anatomical imaging. Wiatracellular solution (in mM): 130 K-Gluconate, 7 KCI, 4 ATP—
show that d-Cre based stochastic expression strategiedesnatMg, 0.3 GTP—Na, 10 Phosphocreatine—Na, 10 HEPES. Cells
single-cell resolution GEVI imaging in cortical pyramidalls were patched using a Multiclamp 700B ampli er and signals
in acute mouse brain slices. We compare recordings fromeissuvere digitized using a Power 1401 digitizer. Current pulsesew

of mice sparsely expressing in cortical pyramidal cells (“gparsnjected to elicit action potentials and uorescence was isthg
PC line”) with recordings from mice which express the GEVlat 50 100 Hz using a custom-built epi uorescence microscope
in all pyramidal cells (“pan PC line”) using wide- eld imaging (optical path shown irFigure 1A).

(Figure 1A). We evaluate the achievable SNR, discuss optimal We excited donor uorescence of the VSFP FRET uorescent
GEVIimaging frame rates and also quantify the functionaksat  protein pair with a 490nm LED (M490L4, Thorlabs) powered
of signals to guide experimenters' choice of the sparsity.le¥e by a current driver (Keithley Sourcemeter 1401), collindatgth
used early generation GEVIs [VSFP Butter y 1/%¢mannetal.,, an f D 16 mm aspheric lens (ACL25416U0-A, Thorlabs) and
20129 and chimeric VSFP Buttery YRNMlishina et al., 201% ltered with a 475/28 nm excitation Iter (FITC-EXO1-CLIN-
for which transgenic mice suitable for a fully genetic approact25, Semrock). Intensity at the sample was between 4 and 30
were readily available. Our principal conclusions shoulddhol mW/mm?2. Fluorescence was collected using a 495nm long
true, and quanti cations could be extrapolated, for all rette  pass dichroic (FF495-Di03, Semrock) along with a 550/88 nm
developed GEVIs covering a spectrum of voltage sensitiyitiesollection lter (FF01-550/88, Semrock), 496 long pass lIter

temporal dynamics, and brightness. (Semrock FF01-496/LP) and IR blocking lter (Semrock, FF01
750/SP) onto a sCMOS camera (512 512 pixels with 4

MATERIALS AND METHODS 4 binning, Orca Flash 4 V2, Hamamatsu). This collected
uorescence from the FRET pair donor uorophore (mCitrine),

Animals meaning membrane depolarizations resulted in decreased

This study was carried out in accordance with the uorescence emission as FRET e ciency increased. Imaging
recommendations of UK Animals (Scientic Procedures)data were acquired using Micromanagéidglstein et al., 20)4
Act 1986 under Home O ce Project and Personal Licensedmages recorded at room temperature.

(project licenses 70/7818 and 70/9095). The protocol was For 500 Hz voltage imaging, a water immersion LUMPlanFl
approved by the UK Home O ce. Transgenic mice were bred40 objective with NA 0.8 (Olympus, Japan) was used.
to express VSFP Buttery 1.2 in cortical layer 2/3 pyramidalFluorescence was excited with CoolLED, UK, 473 nm. Optical
neurons under the intersectional control of TetO and Cre- Iters were purchased from Chroma Technology (Rockingham,
recombinase HKigure 2B “sparse PC line,” Rasgrf2-dCre; VT, USA). The Iter cube contained an exciter 480/40, dichroic
CaMK2A-tTA; Ai78 (Mayford et al., 1996; Harris et al., 2014;510DRLP, and emitter 535/50 nm. Voltage signals were sampled
Madisen et al., 20)h To induce sparse expression throughat 500 Hz with a NeuroCCD camera (8080 pixel con guration)
stochastic re-stabilization of destabilized Cre, a tédcatotal (RedShirtimaging, Decatur, GA). Analysis of optical data,
dose of 2E-4 mg/kg Trimethoprim (TMP, Sigma) was given viancluding spatial averaging, high-pass and low-pass lterings
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ix. | sSCMOS
camera

—_ IR block
— 496 Ip

550/88
495 Ip
475/28
Dense - Confocal Sparse - Confocal
25X
1.0 NA -
Patch
! : - Widefield o Sparse - Widefield

FIGURE 1 | Comparison of densely and sparsely expressed GEVI$A) The microscope set up for wide- eld imaging. We used a standadl epi uorescence
microscope con guration to image patched cells expressing G&VIs in sparsely and densely expressing brain slice@B) A confocal image of a brain slice densely
expressing chimeric VSFP-butter y. Assignment of uorescese to individual neurons is impossible due to expression inw@rlapping membranes.(C) A wide- eld
image of a brain slice with the same expression strategy. Theroblem of assignment is compounded by the lack of optical setioning, making even cell bodies dif cult
to discern. (D) A confocal image of a brain slice sparsely expressing VSFP ber y via destabilized-Cre modulated expression. Processs and soma from individual
GEVI-expressing cells can be clearly resolvedE) Wide- eld image of a brain slice with the same expression stri&gy. Contrast is decreased due to lack of optical
sectioning, but single cells and processes can still be redwed. Scale bar 40mm.

A2 Synaptic stimulation A3
| 50 mV
patch _ patch
A
= gl ™1
extracell. stim. intracell. stim.
| 0.2 % | 0.2 %
ROI ROI
200 ms 200 ms
B TMP-titrable GEVI expression
C‘aMK2a e R‘asGrf C2
{ dCre H=>
—U@ﬁ— G;) |5o mv
2xins  pTRE ﬁ SpA . pA 2xIns patch
<K [ PRE_}=)
I ™1
intracell. stim.
ROI
L‘%‘P‘W“W Lkl -
i NI
VTR
high TMP low TMP Single trial 200 ms

FIGURE 2 | d-Cre modulated sparse expression strategies enable singtcell resolution functional imaging(A) Population, but not single-cell, voltage signals are
resolved with densely expressed GEVIgA;) A wide- eld image showing the patched cell's location and theROI used to generate the voltage imaging trace. An
extracellular stimulation electrode was located as indidad. (A,) A train of extracellular stimulation evoked responses fromany cells, leading to a clear population
voltage response in the cellular ROKA3) No single cell voltage signal could be resolved despite avaging of 80 repeated trials of extracellular stimulatior(B) The
expression strategy used to generate sparse expression imyer 2/3 pyramidal cells. TMP stabilizes destabilized Cre cembinase enabling TRE driven GEVI
expression. (C1) A wide- eld image of sparsely expressed GEVI showing the ROIsed to calculate the voltage time course(C,) Single-cell voltage transients can be
clearly resolved with sparse expression. Red time course slws an average of eight repeats, gray shows single trial regmse. Fluorescence traces shown on inverted
y axes.
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conducted with Neuroplex v. 8.0.0 (RedShirtimaging). Imagesubtracted by the median value of the 2@teceding points. AP

were recorded at 34 C. timing detection jitter was calculated as the imaging frgm&od
multiplied by the range in frame number of the location of the
Image Analysis optical AP signal peak. Least-squares log-log-linear ts reza

Imaging trials were repeated between 5 and 20 times and th@lculated for the noise and 1-signal size.

individual trial image sequences averaged. Linear tswere

calculated for each pixel,pto control for bleaching and the Signal Spread Analysis

1 F/Ry time course was calculated as[t — fi[n])/(filn] — We estimated the sparsity level required to separate signals

1,600), where 1,600 is the camera o set for 4 binning and  between adjacent cells using the mean autocorrelation ef th

n is the frame number. Only averaged traces were analyzed afgtivation maps. Autocorrelations of spatially un Itered maps

all traces plotted are averages unless explicitly noted. Nuofbe Were calculated and a 1-pixel central peak arising from noise

averages for traces are noted in captions. We plot all uonesee in the image was removed by replacing the central pixel with

traces on inverted y axes. the mean of the surrounding pixels. The autocorrelation iesg
Image analysis was conducted with Python. Activation map¥ere then normalized to between 0 and 1, rotated such that thei

were found by considering F image sequences calculated pixellongest axis faced the same direction before taking an geera

wise as (Qn] — fl[n]) The image time series was downsamp]ecpver all cells. This generated a roughly e”lpthal autoelation

to 50Hz by averaging to improve the SNR. To create map$nage with orthogonal axes representing our estimate of the

for visualization and segmentation the image sequences weldrgest and smallest signal mixing lengths. We calculated t

spatiotemporally ltered with a Gaussian Iter with sigma of amplitude of the crosstalk for a neuron at the orjgin due to

1 time point/1 pixel 20 ms/1.0dm and for functional spread other pneurons abt positions; to be equal to 1 %

characterization they were temporally Itered with a 3 point —

median Iter. 2D activation maps were then found from 3D L IH1C2 (ACF.1i/) (seeSupplementary Methods

. . . We can therefore use the longest and shortest axis of our
image sequences by summing the frames collected durind. ., o4 ACE to estimate the best and worst-case mixing
stimulation periods.

ROIls for time series analysis were found by segmenting thféactlon, respectively.

activity maps. Each map was thresholded using an automatic
criterion (Yen et al., 1995 before a single round of binary closing RESULTS
and then dilation. The largest connected component was the . .
selected as the somatic Rg,_ P Q/oltage Imaging With Densely and

For trials where a long depolarizing stimulus was used th&parsely Targeted GEVIs
signal size was calculated as the 5th percentile value of tAs explained in the introduction, it is di cult to optically reolve
uorescence time course during the stimulus period with the uorescent plasma membranes if a GEVI is targeted to all cells
median value of the previous 10 time points subtracted. Faglsin in a dense population of neurons, such as cortical pyramidal
spike trials the signal size of the rst spike in a spike train wasells. To illustrate thiskigure 1 shows a comparison of images
calculated di erently to the others due to the easier estiorat Obtained from two transgenic mouse models using confocal
of the uorescence value immediately preceding. The rst gpik and wide- eld microscopy Eigure 1A). In the rst mouse line,
signal size was calculated as the maximum value in the 50 riise GEVI is targeted to all cortical pyramidal cells (“pan PC
after the stimulus (the stimulus period) with the median vakf  line;” see Methods). In the second line of mice, the GEVI
the preceding 10 time points subtracted. For subsequent spikés targeted to a small subset of (mainly) layer 2/3 pyramidal
in the spike train the signal size was calculated as the minimu cells [‘sparse PC line"Harris et al., 201)}. In the case of
of the 50 ms following the stimulus with the maximum of the the non-sparsely targeted tissue (pan PC), confocal micmsco
20 ms time points before the stimulus subtracted. The noigel le resolves individual cells bodies by negative contrasteif thon-
of traces was calculated as the standard deviation of 20 samplgorescent cytosol Figure 1B). Plasma membranes of adjacent

before the stimulus was applied. cells cannot be dierentiated and the bulk of uorescence
emerges from neuronal processes (dendrites and axons) that
Frame Rate Analysis are not structurally resolved-{gure 1B). Wide- eld microscopy

To examine the e ect of decreased sampling rate on GEVof this tissue (pan PC) reveals a sea of uorescence with
traces we took an exampleF/F, trace acquired at 500 Hz and virtually no cellular structural detailsF{gure 10). In contrast,
downsampled it by averaging. To avoid overestimating the@oi images of cortical tissue from the sparse PC line resolve the
level for larger averaging periods we rst attened the traoe plasma membranes of cell bodies and processes both in confocal
remove bleaching remnants by dividing it by a polynomial t to (Figure 1D) and in wide- eld microscopy Eigure 1B).

the trace with the voltage signals removed. We then caledlat To demonstrate that optical voltage signals can readily be
n downsampled traces for downsampling by integer factors afecorded in slices from pan PC mice using wide- eld imaging,
1,2, 3,4,5, 10, and 20, where each ofriiieaces corresponds we employed synaptic activation of a large number of optically
to a di erent downsampling phase. We calculated the noise leveinresolved neuronsKigure 2A;). Optical voltage signals were
as the standard deviation of 1@0points with no voltage signal resolved in single trials over a cell body sized region of eger
and the signal level as the peak value during the stimulus gerio(ROI) in response to extracellular electrical stimulationq& ms
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pulses at 100 Hz, electrode860mm from cell bodyFigure 2Ap).  conditions, and GEVI expression levels. Optical signalgctadtl
This experiment demonstrates that population voltage signalwith high quality SCMOS cameras operating in a high photon
can be recorded across “cell body sized” ROIs in the braiest€ count regime $> 10 photons per pixel per frameLi( et al.,
pan PC mice. We then tested whether the optical signal of a singk916] are shot noise limited. With our measured baseline noise
cell can be resolved in the same preparation using wide- eldevels< 1%, we clearly image in this regime. This means that
imaging. To this end we patched a layer 2/3 cortical pyramidtl ¢ we can write the SNR &é&SNR / l—FF n, wherel F/F is the
in current clamp mode. Imaging during intracellular injeati of ~ fractional change in uorescence, or GEVI sensitivity, anisn
positive current pulses (two pulses of 50 and 100 ms duratiorihe number of collected uorescence photons. Increasing the
current amplitude adjusted to induce spiking) did not revealillumination intensity increases the number of photons colés,
an optical signal across the cellular ROI despite a noise ooincreasing SNR, but in doing so increases the rate of blagchi
of only 0.004%l F/Fy after averaging the images from up to of the sample, thus reducing the available imaging time. This
80 trials Figure 2Ag). This suggests that single cell-level opticaimakes fair GEVI evaluation and selection di cult as datarmo
voltage signals are masked by the large shot noise produced thgparate labs must be collated and compared. A practical
the non-signaling uorescence of neighboring cells. way to increase comparability of data from di erent systems,
To verify this prediction, we switched to tissue from theis to take the rate of photobleaching into account. Bleach
sparse PC lineHigure 2B), where single cells can be resolvedrates can be used to normalize across dierent illumination
even with wide- eld epi-illumination uorescence microspyg intensities and facilitate comparison across di erent GEVIghwi
(Figure 2G;). As with the above experiments using pan PC tissuedi erent photostabilities. The bleach rate, dC/dt, is proporial
we patched a single uorescent cell and imaged while the celdb 168 8C , where Ly is the illumination intensity, 8 g
was depolarized by direct current injection through the patchthe bleaching quantum vyield, and C the concentration of
electrode, readily resolving optical voltage signals asithgle cell unbleached GEVIs. Ideally the quantum vyield of bleaching
level Figure 2G). would be measured for each GEVI as it would allow independent
In response to long lasting depolarizing current injectionscomparison of expression density; however, this is not known
(50-500 ms, adjusted to induce one or more APs), we resolvédr the GEVI used in this study or, to our knowledge, any other
voltage signals in single triala D 12 out of 15 cells attempted). GEVI. Normalizing the SNR to the bleach rate, however, cdp he
In response to short single spike-triggering current pulsesifs  to control for the GEVIs bleaching propensity and concentati
current injections to induce spiking at 20Hz), we observedalong with the illumination level in one step with an easily
signals § D 4 cells out of 4 cells attempted), with 2 cells withcalculable number.
a signal-to-noise ratio consistent with spike detectionhwiit To this end, we estimated the signal size, the bleaching rate
trial averaging (see below). Overall, we resolved sindlealtdge  and the SNR of the optical signals across a segmented ROI.
signals in 13 patched cells in 13 slices at imaging depths @he median bleach rate over the cellular ROIs was 0.52%/s and
up to 77mm. the 90th and 10th percentiles were 0.98 and 0.23%/s (calculated
Interestingly, maps of GEVI responsed K images, see using a linear t of baseline uorescence). We calculateé th
Methods) reveal cellular structures that are not always ilgad signal and noise levels for 9/15 cells for which we collectad d
apparentin raw wide- eld images. Maps of GEVI responses allowat 100 Hz with comparable stimulus regimes, and used image
identi cation of processes belonging to active celidgre 3.  sequences of the average of four trials for each cell in thigsisa
We calculated response mapBidures 3B,D from our 1 F  Table 1summarizes the signal, noise, SNR and bleach corrected
image series by averaging 7—30 frames during stimulus periodSNR values measured for long depolarizing stimuli (100 ms pulse
depending on the stimulus length. As the GEVI uorescenceduration, Figure 35 and AP inducing stimuli Figure 3. The
decreases on membrane depolarization, pixels containimgbkig values are reported as median [10th percentile, 90th percentile]
have a negative value in response to the stimulus whilst pixel&/e plot the individual measured valueshigure 4.
containing only noise average to zero (see Methods secfibm). These SNR values come from an early generation GEVI
response maps clearly re ect the anatomy of the patched cellwjth low sensitivity. As SNR increases linearly with indaca
dendrites and their branches can also be seen when they lie $ensitivity, our values and conclusions can easily be ¢dafe
the plane of focus. 6/13 cells were imaged with one or morerothenore recent GEVIs with much higher reported sensitivity under
cells in the FOV and in these cases the active cell can bdycleasimilar experimental conditions.
distinguished in the activity map from the adjacent GEVibdded
cells Figure 3 see also belovFigure 6). We used these activity Effect of Sampling Rate
maps to automatically segment the cell soma from the imagAs discussed in the introduction, due to the integration of
sequences by thresholding the activity maps. We then caézlila photons during the whole frame period, slow camera frame rates
the cell's uorescence time course as the mean time courdeeof may be compatible with GEVI-based AP detection, especially for

pixels within the segmented regioRifjures 3E,F. experiments that can tolerate low precision of AP onset timing.
) ) _ To investigate these predictions, we imaged at 500 Hz using a
Signal-To-Noise Ratio fast, low resolution (80 80 pixel) CCD cameraFjgure 5A,

Comparing experimentally assessed SNR values betweiemges). Three brief current pulses (pulse durafd@ ms, pulse
dierent imaging systems and preparations is complicatednterval D 100 ms) were delivered via a patch pipette to drive a
by diering uorescence collection e ciencies, illuminatio triplet of action potentialsFigure 5A, whole-cell). We examined
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FIGURE 3 | Imaging reveals dendritic structure. Wide- eld(A,C) and activity maps(B,D) of two cortical pyramidal cells. Activity maps were generaid by calculating
the integral over stimulated video frames and pick out an irididual cells dendritic structure, including basal and apal dendrites, from adjacent cells(E,F) the average
time courses from the videos used to calculate the activity mps. Optical traces are averages of 13E) and 10 (F) repeats, scale bars 40mm. Fluorescence traces
shown on inverted y axes.

TABLE 1 | Signal, Noise, and SNR values.

Stimulus type Signal size (%) Noise level (%) SNR Bleach corre  cted SNR Number of cells
100 ms depolarization 0.59 [0.33, 0.82] 0.07 [0.03, 0.13] 100 [3.5, 23.9] 11.8 3.6, 42.4]
Action potential 0.14 [0.04, 0.28] 0.04 [0.02, 0.07] 3.1[18, 4.8] 13.5[7.1,21.0] 4

the peak SNR of AP related signals for a voltage imaging tra@®nstant of the optical signal. The signalkigure 5A was well
imaged at 500 Hz and integer downsamplesnbyf the n-point  t with an exponential decay with a time constant of 12.0ms.
moving average. A uorescent time course containing 3 AP-This predicts a frame rate of around 167 Hz is su cient to avoid
evoked uorescence transients was downsampled by averaginggigni cant aliasing. The optical signals recorded at 100z a
frequencies as low as 25 Hzigure 5B) and the signal and noise slower, as they were recorded at room temperature, as opposed
were measured~{gures 5C,D. The noise and signal varied with to 34 C for the 500Hz traces. For these, 100Hz imaging is
the relative phase of the downsampling. The mean downsamplei ciently high to prevent signi cant aliasing.
noise level was well t by a power law model of the formx2
(log-log linearr? D 0.999), with b D 0.45 0.5 as predicted Signal Spread
by theory Gans and Gill, 1983 The mean downsampled peak In order to guide future levels of sparsity we developed a natho
signal was also well tby a power law tof 1 <A1 (r?D 0.995), to estimate the level of signal mixing between cells as aifumct
with by D 0.13. Combining these and plotting again the SNRof distance. Neurons are highly variable in shape and, in the
gave a predicted ideal imaging speed for spike detection of 99 Hortex, their extent varies with the orientation of the inag
(Figure 5B. We note, however, that the ideal imaging speed majocal plane relative to the cortical columBigure 6A shows an
be much higher if precise information about AP shape or spikexample ROI containing a patched, stimulated cell adjacent to
timing (see spike jitter as a function of imaging rafiégure 5F  unpatched cells. The uorescent voltage respons€igure 6B
is desired and a hypothetical GEVI with very fast kineticsshows a clear transient in the time course over the patched cell
is used. Fluorescent time courses from ROIs over adjacent unpatched
We validated this analysis by modeling the GEVI signal asells show a small amount of crosstalk, disappearing for more
a series of decaying exponentials. We calculated the fraofio distant cells. This indicates that time courses from adjacells
aliased power compared to total sampled power as a function @fn be discriminated, albeit with some signal mixing depagdi
sampling frequency when sampling by integrating through theon distance.
sampling period. We found that severe aliasing occurs when the In order to quantify the expected level of this signal mixing w
sampling period used is more than approximately half the decagonsidered how the time course of one neuron of interest would
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FIGURE 4 | Signal and noise levels(A) Average signal and noise amplitudes for individual cellsifove repeats at 100 Hz. (B) Single spike signal amplitude and noise
amplitude for ve repeats at 100 Hz.(C) SNR and bleach corrected SNR for long depolarizing stimulugD) SNR and bleach normalized SNR for single spike stimulus

be aected by being surrounded hyother neurons separated to di erences in imaging depth and dendritic structure. We plot
by distancess;, of the same shape and with similar uorescentthe mean fallo in the autocorrelation irfrigure 6G. Using this,
time courses. We wanted to quantify crosstalk, thad is theai we calculated the crosstalk for two cells separated byrhthe

amplitude (square root of the signal power,pPl_D D Ldt), proportion of the total signal amplitude accounted for by thdl ce

arising from adjacent neurons when averaging signal from & ROO]c interest when trying to image a single cell as between 20 and

0 . )

over atarget neuron as a fraction of the total signal. Thisstalk 22%. For cells on a hexagonal grid of side length he
. crosstalk was found to be 52-55%.

was (Efllciulated (seSuppIemen'tDary Method} to be given by

1 % 1 151C2 ,ACF.ri/) , where ACF(r)
is the spatial autocorrelation function of the neurons' ity
(1 F) map, such as ifrigures 3B,D 6C, evaluated at distance We have shown that destabilized Cre recombinase (dCre)
r. P and R correspond to the signal power from the targetbased expression strategies enable single-cell resolutitage
neuron and total measure power, respectively. We calculatéthaging of cortical pyramidal cells in acute brain slices.sThi
autocorrelations from the activation maps of signal-contag  expands the current repertoire of single-cell voltage imaging
pixels Figure 60), which allowed us to simply average di erent from interneurons and other naturally sparse cell classes to
cells together. We averaged all the autocorrelations tegetiter non-sparse layer 2/3 cortical pyramidal cells. We have not
aligning their longest axes to average out cell-structyecsc  veri ed this approach with other cell classes, although we expect
features caused by dierent dendritic shapddglire 6B. To  no dierences in the strategy relevant to functional imaging
quantify the amount of crosstalk expected in sparse imaging Wehis powerful approach allows the sparsity of expression to be
rst calculated the width for each cell where the autocortiela  varied by the titration of the dosage of TMP which stabilizes
fell to 50% of its central valueF{gure 6F). This 50% cuto  the dCre and, in combination with strong transgene inducers
represents the distance at which the crosstalk it contribute systems, such as tetO, enables sparse but strong GEVI erpressi
an adjacent neuron would be 50% of the signal power or 25% @i erent levels of sparsity allow the experimenter to trade
signal amplitude (where signal amplitude is the square rothef o the level of population sampling and functional crosstalk
signal power). The 50% cut-o s of the neurons recorded range@etween cellular voltage traces. The level of sparsity carbalso
from 15to 135mm. The large range in the values can be attributechdapted to the imaging approach used, with increased speci city

DISCUSSION

Frontiers in Cellular Neuroscience | www.frontiersin.org 8 February 2019 | Volume 13 | Article 39


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Quicke et al. Sparse Transgenic Voltage Imaging

A B |o.4 %

500 Hz F ' h
I4O i 250 Hz
whole-cell MW

—_— 167 Hz ' ” n
100 ms 125Hz A p A
ROI
|
(o]

IO10/ 100 Hz A h h
)

50 Hz A A A\
25 Hz P
— 100 ms
100 ms D
5 10 ~ 41
= YT 9 - fit slope = 0.45
X - fitslope =-0.13 'g 3 P
o 91 X
N g
w0 e
—_ L 24
2 8- 5
o -
g 3
C A4
g 71 C;
= 31
a) g
S 6 ——rT—— - rrrr—T—TTrrrm
(_‘3‘ 10 100 1000 10 100 1000
Frame rate (Hz) Frame rate (Hz)
E F
0.10
°
& g
<] ==
g =y 0.05
= I °
© £
o o .0
& 8 < R
618 R
e 0.00 e
100 300 500 100 300 500
Frame rate (Hz) Frame rate (Hz)

FIGURE 5 | Effect of frame rate on SNR and spike timing estimation. Deeasing the imaging rate in wide- eld imaging reduces the tempral accuracy and AP

shape information but increases the SNR(A) Image of a brain slice from sparse GEVI mouse obtained at 500 Hrame rate (80 80 pixels). Simultaneous electrical
recording from cell body (black) and optical recording (réd Average of nine trials(B) A 500 Hz 1 F/F trace with 3 single-spike transients and down samples by
averaging. Signal size, noise level and AP timing estimati@ccuracy all decrease with mean downsampling(C,D) Power law ts to 1—signal size and the noise level.
The noise level scales approximately with the square as expted from Poisson statistics.(E) The signal to noise ratio and power law ts plotted on linear ags. Fits
give an optimal frame rate for spike detection SNR of 99 Hz. Ne that this curve is the result of the division of the log-loginear ts in (C,D) and not a t to the plotted
points. (F) The bounds on spike timing estimation for different frame tas. Fluorescence traces shown on inverted y axes.

from, for example, holographic imaging allowing denser datlu with the sparse transgenic strategy used in the current stuily,
expressionKoust et al., 2005 yield better single trial spike detection performance.

Although in this speci c implementation, signal averagingsva  As wide- eld single photon excitation was used, the imaging
often needed in order to resolve single-AP voltage trarisien depth was limited by the scattering of both excitation and
an issue common to many voltage imaging applications due temission light. We were able to record from cells at depths
low sensitivity of earlier generation GEVIs, such as thosedu up to 77mm in slice, although at these depths there was
here. However, this genetic approach is, at least conceptualsevere broadening of the functional signal due to scatterin
not restricted to particular GEVIs, and could be used with anyThis scattering will limit wide- eldin vivo imaging in mice to
of the more sensitive GEVIs that have been recently reportesuper cial cortical layers. Two-photon excitation would impe
(Abdelfattah et al., 2018; Adam et al., 2018; Piatkevich,&@l8; this performance, however, this would require optimizing both
Yi et al., 2018 We anticipate that these new GEVIs, combinedthe GEVI for two-photon excitation, and also using improved
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FIGURE 6 | Signal Spread. Autocorrelation of activity maps can be usetb estimate crosstalk.(A) Wide- eld image of a patched neuron (red roi) with other neunas in
the FOV.(B) Electrophysiological and uorescent trace from the patchedactive cell (red and black) and uorescent traces from ROIs oveadjacent cells (green, blue
and magenta). A small amount of crosstalk can be seen in thentie courses of the adjacent cells(C) A spatially un Itered activity map of the same neuron calculad
by measuring the sum over frames during the depolarizing stiulus. (D) The 2D spatial autocorrelation of the activity map. This repsents the fraction of signal power
arising from the patched neuron at different separationgE) The mean of rotationally aligned autocorrelations of all nasured cells.(F) The length of the long and short
50% cut-offs for all cells.(G) The pro le of the mean autocorrelation for the long (black) athshort (red) axes. Scale bars 40mm.

imaging methods to increase traditional two-photon imaging is likely to greatly reduce the mixing of functional signals
meager photon budgetCQheng et al., 2011; Prevedel et al.by restricting the possible spatial sources of contaminating
2016; Chavarha et al., 2018; Quicke et al., 2018; Schuck et signal. This comes at the cost, however, of eliminating the
2019. Contributing to the diculties of two-photon voltage ability to reveal somato-dendritic physiology. In multi-site
imaging, as each pixel is sampled for only a short fractiovoltage imaging experiments, successful soma targetinig wil
of the frame rate, full Nyquist-rate sampling of the indicatoreliminate important clues about input signals generated by
kinetics must be used to avoid aliasing of high frequencylendritic neuropil.
voltage transients. We analyzed how far functional signals from fully
Soma targeting of voltage indicators, as seen in recemdbeled (not soma-targeted) active cells spread in order to
GEVI studies QAbdelfattah et al., 2018; Adam et al., 2p18 guide future experimental designs. To choose a specic
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sparsity level, however, experimenters must also consid&kUTHOR CONTRIBUTIONS
other factors, such as the characteristics of the membrane
dynamics of the studied cell class, as well as the speciRQ,CS, SA, AF, and TK conceived and designed the experiments.
experimental question. More crosstalk can be tolerated?Q, CS, EM, MM, and CH performed experiments. PQ, SA,
and therefore more dense cells studied, if factors, sucMIN, SS, AF, and TK designed the analysis. PQ, SA, and TK
as AP amplitude can be used to discriminate betweednalyzed the data and wrote the paper. All authors contributed
signals from dierent cells and subthreshold uctuations t0 manuscript revision and approved the nal manuscript.
are less important.

Sparse transgenic approaches could also be bene cial ACKNOWLEDGMENTS
opsin photostimulation approaches. Light shaping methods
using computer generated holographyapagiakoumou et al., We thank Yu Liu and Navjeevan Soor for their technical
2008: Pégard et al., 20Q1%r generalized phase contrastassistance. This work was supported by the following
(Papagiakoumou et al., 2010can benet from sparsely grants: Engineering and Physical Sciences Research Council
expressed opsins to better con ne excitation to a single ce(EP/L016737/1); Engineering and Physical Sciences Riesearc
or subsets of cells. Previous studies have already used- sorf@uncil Imperial College Impact Acceleration Account
restricted expression Shemesh et al., 2017or exploited (EP/K503733/1); National Institutes of Health (UO1NS090501
naturally sparse cell classe®apagiakoumou et al., 2013; UOINS099573, UO1IMH109091); Wellcome Trust Seed Award
Ronzitti et al., 201y to improve single-cell targeting with (201964/2/16/Z); Royal Academy of Engineering Research
optogenetic actuation. Sparse expression strategies as u$@dlowship (RF1415/14/26); Biotechnology and Biology
here could also help with excitation connement whilst Research Council (BB/K001817/1, BB/R009007/1); The Royal

enabling holographic dendritic stimulation of individual Society (TARIN170047).

cells {rang et al., 2001

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on séque ©nline  at:

the corresponding author.

REFERENCES

Abdelfattah, A. S., Kawashima, T., Singh, A., Novak, O., MeBsb., Paninski,
L., etal. (2018). Bright and photostable chemigenetic indisdftmrextendedn
vivovoltage imagingbioRxiv [Preprint] doi: 10.1101/436840

Adam, Y., Kim, J. J., Lou, S., Zhao, Y., Brinks, D., Wu, H.,
(2018). All-optical electrophysiology reveals brain-state dependeanhges
in hippocampal subthreshold dynamics and excitabilityoRxiv [Preprint]
281618. doi: 10.1101/281618

Ahrens, K. F., Heider, B., Lee, H., Isaco, E. Y., and Siegel, R2012). Two-

photon scanning microscopy af vivo sensory responses of cortical neurons

genetically encoded with a uorescent voltage sensor in Faont. Neural
Circuits6:15. doi: 10.3389/fncir.2012.00015

Akemann, W., Mutoh, H., Perron, A., Park, Y. K., Iwamoto, Y., and gfied T.
(2012). Imaging neural circuit dynamics with a voltage-sewmsituorescent
protein.J. Neurophysiol08, 2323-2337. doi: 10.1152/jn.00452.2012

Akemann, W., Sasaki, M., Mutoh, H., Imamura, T., Honkura, N., and jfet
T. (2013). Two-photon voltage imaging using a genetically entaadtage
indicator.Sci. Re@, 1-7. doi: 10.1038/srep02231

Allen, W. E., Kauvar, I. V., Chen, M. Z., Richman, E. B., Yang, Shan, K., et al.

(2017). Global representations of goal-directed behavior inrdistell types of

et al.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
https://www.frontiersin.org/articles/10.388cel.
2019.00039/full#supplementary-material

Chamberland, S., Yang, H. H., Pan, M. M., Evans, S. W., Guan, Sta@ha
M., et al. (2017). Fast two-photon imaging of subcellular voltageadycs
in neuronal tissue with genetically encoded indicatoilife 6, 1-35.
doi: 10.7554/eLife.25690

Chavarha, M., Villette, V., Dimov, |., Pradhan, L., Evans, Si, Bh et al.

(2018). Fast two-photon volumetric imaging of an improved voltagécatbr

reveals electrical activity in deeply located neurons in the awake. lmaRxiv

[Preprint] 445064. doi: 10.1101/445064

Chen, Q., Cichon, J., Wang, W., Qiu, L., Lee, S. J. R., CampbdR,, Nt al.
(2012). Imaging neural activity using Thy1l-GCaMP transgenicarileuron
76, 297-308. doi: 10.1016/j.neuron.2012.07.011

Chen, T., Wardill, T. J., Sun, Y., Pulver, S. R., Renninger, 8Badohan, A.,
etal. (2013). Ultra-sensitive uorescent proteins for imaging nealactivity.
Nature499, 295-300. doi: 10.1038/nature12354

Chen, T. W., Li, N., Daie, K., and Svoboda, K. (2017). A map of
anticipatory activity in mouse motor cortexNeuron 94, 866-879.e4.
doi: 10.1016/j.neuron.2017.05.005

Cheng, A., Gongalves, J. T., Golshani, P., Arisaka, K., and rRdtalliau,
C. (2011). Simultaneous two-photon calcium imaging at dierent
depths with spatiotemporal multiplexingNat. Methods 8, 139-142.
doi: 10.1038/nmeth.1552

mouse neocortexdleuron94, 891-907.e6. doi: 10.1016/j.neuron.2017.04.017 Edelstein, A. D., Tsuchida, M. A., Amodaj, N., Pinkard, H., Vale, IR,

Antic, S. D. (2003). Action potentials in basal and oblique déed
of rat neocortical pyramidal neurons.J. Physiol. 550,
doi: 10.1113/jphysiol.2002.033746

Antic, S. D., Empson, R. M., and Knopfel, T. (2016). Voltage imaingderstand

connections and functions of neuronal circuits.Neurophysiol16, 135-152.

doi: 10.1152/jn.00226.2016
Bayguinov, P. O., Ma, Y., Gao, Y., Zhao, X., and Jackson, M2@®L.7}.
Imaging voltage in genetically-de ned neuronal subpopulationshwat cre

recombinase-targeted hybrid voltage sensdr.Neurosci37, 9305-9931.

doi: 10.1523/JNEUROSCI.1363-17.2017

35-50.

and Stuurman, N. (2014). Advanced methods of microscope contraoigusi
mManager softwarel. Biol. Method$:10. doi: 10.14440/jobm.2014.36

Foust, A. J., Zampini, V., Tanese, D., Papagiakoumou, E., andaBmiN.
(2015). Computer-generated holography enhances voltage dye ecemes
discrimination in adjacent neuronal structure®europhotonics2:021007.
doi: 10.1117/1.NPh.2.2.021007

Gans, P., and Gill, J. B. (1983). Examination of the convolutiorthoe for
numerical smoothing and di erentiation of spectroscopic data inedny
and in practice. Appl. Spectrosc37, 515-520. doi: 10.1366/00037028346
34712

Frontiers in Cellular Neuroscience | www.frontiersin.org

11

February 2019 | Volume 13 | Article 39



Quicke et al.

Sparse Transgenic Voltage Imaging

Gong, Y., Huang, C., Li, J. Z., Grewe, B. F., Zhang, Y., Eismaret, 8. (2015).
High-speed recording of neural spikes in awake mice and ies with@escent
voltage sensofScienc850, 1361-1366. doi: 10.1126/science.aab0810

Gossen, M., and Bujard, H. (1992). Tight control of gene expressimammalian
cells by tetracycline-responsive promotePsoc. Natl. Acad. Sci. U S 89,
5547-5551. doi: 10.1073/pnas.89.12.5547

Grinvald, A., Arieli, A., Tsodyks, M., and Kenet, T. (2003). Newaloassemblies:
single cortical neurons are obedient members of a huge orch&tpolymers
68, 422-436. doi: 10.1002/bip.10273

Harris, J. A., Hirokawa, K. E., Sorensen, S. A., Gu, H., Mills, M., Ng,

L. L., et al. (2014). Anatomical characterization of Cre driver mice
neural circuit mapping and manipulationFront. Neural Circuits8:76.
doi: 10.3389/fncir.2014.00076

Knépfel, T. (2012). Genetically encoded optical indicators fug analysis of
neuronal circuitsNat. Rev. Neuroscdi3, 687—-700. doi: 10.1038/nrn3293

Knopfel, T., Diez-Garcia, J., Akemann, W. (2006). Optical proleihgeuronal
circuit dynamics: genetically encoded versus classical uergssensors.
Trends Neurosc29, 160-166. doi: 10.1016/j.tins.2006.01.004

Kulkarni, R. U., and Miller, E. W. (2017). Voltage imaging: pitfalls gadential.
Biochemistr6, 5171-5177. doi: 10.1021/acs.biochem.7b00490

Li, L., Li, M., Zhang, Z., and Huang, Z.-L. (2016). Assessimglight cameras
with photon transfer curve method]. Innov. Opt. Health Sc29:1630008.
doi: 10.1142/S1793545816300081

Madisen, L., Garner, A. R., Shimaoka, D., Chuong, A. S., Klapp&tkC., Li,
L., et al. (2015). Transgenic mice for intersectional targetineural sensors
and e ectors with high speci city and performancéeuron 85, 942-958.
doi: 10.1016/j.neuron.2015.02.022

Mank, M., Santos, A. F., Direnberger, S., Mrsic-Flogel, T. Dfekl&. B., Stein,
V., et al. (2008). A genetically encoded calcium indicator faonfc in vivo
two-photon imagingNat. Method$, 805-811. doi: 10.1038/nmeth.1243

Mayford, M., Bach, M. E., Huang, Y. Y., Wang, L., Hawkins, Rabd Kandel,
E. R. (1996). Control of memory formation through regulated expressfan o

Ronzitti, E., Conti, R., Zampini, V., Tanese, D., Foust, A.Klapoetke,
N., et al. (2017). Submillisecond optogenetic control of neuronahg
with two-photon holographic photoactivation of chronos. Neurosci37,
10679-10689. doi: 10.1523/JNEUROSCI.1246-17.2017

Roome, C. J.,, and Kuhn, B. (2018). Simultaneous dendritic voltage
and calcium imaging and somatic recording from Purkinje neurons
in awake mice. Nat. Commun. 9:3388. doi: 10.1038/s41467-018-
05900-3

Sando, R., Baumgaertel, K., Pieraut, S., Torabi-Rander, N., M&mndT.

J., Mayford, M., et al. (2013). Inducible control of gene expressio

with destabilized CreNat. Methods10, 1085-1088. doi: 10.1038/nmeth.

2640

Sauer, B., and Henderson, N. (1988). Site-specic DNA recontioinain
mammalian cells by the Cre recombinase of bacteriophager®t. Natl. Acad.
Sci. U S A85, 5166-5170. doi: 10.1073/pnas.85.14.5166

Scanziani, M., and Hausser, M. (2009). Electrophysiology iagleeof lightNature
461, 930-939. doi: 10.1038/nature08540

Schuck, R., Go, M. A., Garasto, S., Reynolds, S., Dragotti, Bnd..Schultz,
S. R. (2018). Multiphoton minimal inertia scanning for fast asifion of
neural activity signalsJ. Neural Eng15:025003. doi: 10.1088/1741-2552/
aa99e2

Sepehri Rad, M., Choi, Y., Cohen, L. B., Baker, B. J., Zhon§tdace, D. A.,
et al. (2017). Voltage and calcium imaging of brain activBiophys. J113,
2160-2167. doi: 10.1016/j.bpj.2017.09.040

Shemesh, O. A., Tanese, D., Zampini, V., Linghu, C., Piatke¥ichRonzitti,
E., et al. (2017). Temporally precise single-cell-resolution optogsnbiédt.
Neurosci20, 1796-1806. doi: 10.1038/s41593-017-0018-8

Song, C., Do, Q., Antic, S., and Knépfel, T. (2017). Transgérategies for sparse
but strong expression of genetically encoded voltage and calcidioaitors.
Int. J. Mol. Sci18:1461. doi: 10.3390/ijms18071461

Song, C., Piscopo, D. M., Niell, C. M., and Knopfel, T. (2018). Calrti
signatures of wakeful somatosensory processiggi. Rep.8:11977.

CaMKIl transgeneScienc@74, 1678-1683. doi: 10.1126/science.274.5293.1678 doi: 10.1038/s41598-018-30422-9

Mishina, Y., Mutoh, H., Song, C., and Knopfel, T. (2014). Exploratif genetically
encoded voltage indicators based on a chimeric voltage sensingid. Front.
Mol. Neurosci7:78. doi: 10.3389/fnmol.2014.00078

Nakai, J., Ohkura, M., and Imoto, K. (2001). A high signal-tdasecCa(Z) probe
composed of a single green uorescent protéWat. Biotechnol19, 137-141.
doi: 10.1038/84397

Otis, J. M., Namboodiri, V. M., Matan, A. M., Voets, E. S., MohdEnP., Kosyk,
0., etal. (2017). Prefrontal cortex output circuits guide rewasks®y through
divergent cue encodingNature543, 103-107. doi: 10.1038/nature21376

Papagiakoumou, E., Anselmi, F., Bégue, A., De Sars, V., Gliclstéshco , E.
Y., et al. (2010). Scanless two-photon excitation of channdtpsin-2.Nat.
Methods7, 848-854. doi: 10.1038/nmeth.1505

Papagiakoumou, E., Bégue, A., Leshem, B., Schwartz, O., Stell, Brallley,
J., et al. (2013). Functional patterned multiphoton excitatioreglénside
scattering tissueéNat. Photonicg, 274-278. doi: 10.1038/nphoton.2013.9

Papagiakoumou, E., de Sars, V., Oron, D., and Emiliani, V. (20R&}erned
two-photon illumination by spatiotemporal shaping of ultrashort puls®gt.
Expres46:22039. doi: 10.1364/0OE.16.022039

Pégard, N. C., Mardinly, A. R., Oldenburg, I.
L., and Adesnik, H.
optogenetics with temporal focusing (3D-SHOT)at. Commun.8:1228.
doi: 10.1038/s41467-017-01031-3

Piatkevich, K. D., Jung, E. E., Straub, C., Linghu, C., Park,SDk, H.,

Ting, J. T., Daigle, T. L., Chen, Q., and Feng, G. (2014). Adwten
slice methods for adult and aging animals: application of targetedhpat
clamp analysis and optogeneticdlethods Mol. Biol. 1183, 221-242.
doi: 10.1007/978-1-4939-1096-0_14

Xu, F., Shi,D. Q., Lau, P. M., Lin, M. Z., and Bi, G. Q. (20183itation wavelength
optimization improves photostability of ASAP-family GEVMol. Brain11:32.
doi: 10.1186/s13041-018-0374-7

Xu, Y., Zou, P., and Cohen, A. E. (2017). Voltage imaging withetieally
encoded indicatorgCurr. Opin. Chem. BioB9, 1-10. doi: 10.1016/j.cbpa.2017.
04.005

Yang, S., Papagiakoumou, E., Guillon, M., de Sars, V., Tang,,@nill Emiliani,

V. (2011). Three-dimensional holographic photostimulation of trendritic
arbor.J. Neural. Eng:046002. doi: 10.1088/1741-2560/8/4/046002

Yang, W., and Yuste, R. (201%).vivoimaging of neural activityNat. Methodd.4,
349-359. doi: 10.1038/nmeth.4230

Yen, J. C.,, Chang, F. J.,, and Chang, S. (1995). A new criterion fo
automatic multilevel thresholdinglEEE Trans. Image Proceds.370-378.
doi: 10.1109/83.366472

A., Sridharan, S., WalleYi, B., Kang, B. E., Lee, S., Braubach, S., and Baker, B. 8).(20dlimeric
(2017). Three-dimensional scanless holographi

uorescent protein yields a bright, red-shifted GEVI capable of popatat
signals in brain sliceSci. Re#8:15199. doi: 10.1038/s41598-018-33297-y

Conict of Interest Statement: The authors declare that the research was

et al. (2018). A robotic multidimensional directed evolution approach conducted in the absence of any commercial or nancial relatiops that could

applied to uorescent voltage reporterddat. Chem. Biol.14, 352-360.
doi: 10.1038/s41589-018-0004-9

Prevedel, R., Verhoef, A. J., Pernia-Andrade, A. J., Weiseabu8g Huang,
B. S., Nobauer, T., et al. (2016). Fast volumetric calcium imagangssa
multiple cortical layers using sculpted lightlat. Methods13, 1021-1028.
doi: 10.1038/nmeth.4040

Quicke, P., Reynolds, S., Neil, M., Knopfel, T., Schultz, S. REaumst, A. J. (2018).
High speed functional imaging with source localized multifocal 4mton
microscopyBiomed. Opt. Expre8s3678. doi: 10.1364/BOE.9.003678

be construed as a potential con ict of interest.

Copyright © 2019 Quicke, Song, McKimm, Milosevic, Howe, NailtZSdmntic,

Foust and Knopfel. This is an open-access article distfihutder the terms
of the Creative Commons Attribution License (CC BY). Thedisteibution or

reproduction in other forums is permitted, provided theralguthor(s) and the
copyright owner(s) are credited and that the original pafidic in this journal

is cited, in accordance with accepted academic practicaséJdlistribution or
reproduction is permitted which does not comply with tleesest

Frontiers in Cellular Neuroscience | www.frontiersin.org 12

February 2019 | Volume 13 | Article 39



