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ABSTRACT

Electrical properties of neuronal processes amaerdinarily complex, dynamic, and, in the geneese,
impossible to predict in the absence of detailedsuements. To obtain such a measurement one would,
ideally, like to be able to monitor electrical Sut@shold events as they travel from synapses ¢al dis
dendrites and summate at particular locationsit@ia action potentials. It is now possible torgasut
these measurements at the scale of individual densipines using voltage imaging. In these
measurements, the voltage-sensitive probes cambgltt of as transmembrane voltmeters with a linear
scale, which directly monitor electrical signalsn#am Grinvald and his colleagues were importantea
contributors to the methodology of voltage imagiaigd they pioneered some of its significant restits
this study, we combined voltage imaging and glutemiacaging using computer-generated holography
(CGH). The results demonstrated that patternechifiation, by reducing the surface area of illumgckat
membrane, reduces photodynamic damage. Additigmallyon-specific illumination practically
eliminated the contamination of optical signalsvirmdividual spines by the scattered light from the
parent dendrite. Finally, patterned illuminatiotoaled one-photon uncaging of glutamate on multiple

spines to be carried out in parallel with voltageging from the parent dendrite and neighboringespi
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INTRODUCTION

Understanding the biophysical properties and fonel organization of single neurons is
fundamental to understanding how the brain worlecaise the primary function of any nerve cell is to
process electrical signals (i. e. membrane poteiftia,) transients), there is a need for detailed
spatiotemporal analysis of electrical events imthkonal and dendritic processes. This requirement
resulted in the development of measurement tecksitjuat allow monitoring of the electrical activafy
different parts of the same cell simultaneouslymajor experimental advance in this field, whichoals
underscored the importance of such measurementsasldeved by the development of the multiple
patch-electrode recording method that made possifylaltaneous monitoring of transients from two
or more dendritic locations on a single neutohThe patch-electrode technique, however, is stilltéd
in its capacity for assessing spatiotemporal pastexf signal initiation and propagation in complex
dendritic and axonal processes. Moreover, manyeditar structures including small diameter terrhina
dendritic branches as well as dendritic spines gt axon terminals and axon collaterals are not
accessible to electrodes. To overcome these lionigtit was highly desirable to complement theclpat
electrode approach with technologies that perntiresive parallel recordings from all parts of anoeu
with adequate spatial and temporal resolution. Aagaate temporal resolution in recording neuronal
action potential (AP) and synaptic potential signalin the sub-millisecond range, as determinethby
duration of different phases of the AP and SP wave$. An adequate spatial resolution is on therastie
1 um, as determined by the dimensions of neur@malibal processes and dendritic spines. This spatio
temporal resolution can now be realized using aptiecording of }, changes with organic voltage-
sensitive dyes (voltage imaging). The sensitivityttos measurement technique has recently reached a
level that permits single trial optical recordirgfSAP transients from all parts of a neuron, inaghgdaxon
terminals and collaterals, terminal dendritic btees; and individual dendritic spines. In a larget,pa
these developments are based on pioneering wokknafam Grinvald and his colleagues. We report here
an advance in the capabilities of voltage-sensitlye recording technology by employing patterned
illumination based on computer-generated hologra@i/H) with spatial light modulators (SLK)

Foundation of optical recording of membrane potentl transients from individual nerve cells

The feasibility of multiple site optical recordifigm subregions of individual nerve cells was atl
demonstrated using monolayer neuronal culture atrdeellular application of the voltage-sensitiweed
In 1981 Grinvald, Ross, and Farb2rshowed that voltage-sensitive dyes and multi-sifgical
measurements can be employed successfully to degeroonduction velocity, space constants and
regional variations in the electrical propertiesnefuronal processes in measurements from dissdciate

neurons in monolayer culture. Both absorption alubréscence measurements were used in these
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experiments and the individual dissociated neurore culture dish were stained from the extracatiul
side by bath application of the dfelt has also been possible, using the same agpraastudy synaptic
interactions between several interconnected nelronslture’®, and the cell-to-cell propagation of the
AP in patterned growth cardiac myocytes forming-timensional hearts in cultufe The monolayer
neuronal culture is a low opacity system especiedigvenient for extracellular staining of the odési
cellular membrane. However, primary cultures aréwoeks of neurons that grow under artificial
conditions. Therefore, a number of important questiin cellular neurophysiology can only be studred
intact or semi-intact preparations. However, exiegdhe same approachitositu conditions has proven
difficult, and has been slow to develop.iinsitu conditions, extracellular application of fluoresteyes
cannot provide sub-cellular resolution becauséheflarge background fluorescence from the dye bound
indiscriminately to all membranes in the preparatfb

Based on these arguments, Amiram Grinvald andceaglles designed an approach to optical
analysis of electrical events in processes of idd@l nerve cells. The key conceptual advance Wwas t
idea to stain particular neuromssitu selectively by intracellular application of an iexmeant fluorescent
voltage-sensitive dye. This approach was basedamregering measurements in Larry Cohen's and Brian
Salzberg's laboratories at the Marine Biologicabdratory in Woods Hole, carried out on the giardrax
of the squid, which demonstrated that optical dgmaay be obtained when the dye is applied from the
inside ™ In these experiments, optical signals were obthiinom the large membrane surface area of
the giant axon. Substantial additional efforts werquired to demonstrate that the same approach is
feasible at the spatial scale of average size msuaod their processes. The initial experimentthis
direction, using intracellular labeling with vol@gensitive dyes, were carried out by Obaid, Shimaizd
Salzberg® and by Grinvald, Salzberg, Lev-Ram and Hildeshéfnon leech neurons. The results
demonstrated the essential advantages of usingceltular application of fluorescent potentiometric
probes. Fluorescence measurements are more edfébv absorption measurements when measuring
from a small membrane ar&a particularly in situations where the image of tigect (e.g., thin process)

is much smaller than the size of the photodetauittitire element (pixely®*°

When transmitted light is
used, only a small fraction of the total light aaetd by individual pixels will be modulated by thignal
from the neuronal process (dendrite or axon) ptegeonto that pixel AI). Most of the light will be
projected directly and will only contribute to thesting light intensity (I). Thus, the fractionagsal
(Al/T) will be very small. On the other hand, in fhescence measurements, practically all of the light
captured by individual pixels will come from thejett (if auto fluorescence is negligible) regardle$

the fraction of the pixel surface area coveredheyimage of the object. In now classical experimemt

leech neuron&’, fluorescence measurements were used to recor@AdPsynaptic potential signals from
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processes of selectively stained single neurongrédicted, the S/N was substantially improvedtieta

to prior absorption measurements, but the sensitivas still too low to be of practical value — the
available S/N was insufficient for multiple sitetmal recording of complex electrical interacticasthe
level of thin neuronal processes. The limits to sleasitivity of these measurements were determined
primarily by: (a) the relatively low voltage semgitty of the available dyes (amino-phenyl styryledy e.

g. RH437 and RH461; fractional change in fluoreseeimtensity per AP, in intracellular applicatiaf,

the order of 0.01 - 0.1%); (b) the choice of theietion light bandwidth, and (c) the relativelywlo
intensity of the incident light that could be obd from a 100 W mercury arc lamp. Despite low
sensitivity, these experiments clearly showed theaatages of selective staining of individual neisrby
intracellular application of the dye and pavedlay for further improvements in sensitivity. At thme,

the reported sensitivity was the result of a modestening effort suggesting that better signatghiribe
obtained by: (a) synthesizing and screening neweoutés for higher sensitivity; (b) increasing the
concentration of the dye to increase the fluorese@ntensity; (c) using an excitation light soucegable

of providing higher light intensity and better gtiy and (d) using detector devices with lower ldaoise
and adequate spatial and temporal resolution. Woilp this rationale, the first substantial improwsrh

in the S/N was obtained by finding an intracellulaitage-sensitive dye with sensitivity in intracdgr
application two orders of magnitude higher than twhas previously available. The amino-naphthalene
styryl dye JPW1114 synthesized by J. P. Wuskelllarid. Loew at the University of Connecticut Health
Center had the sensitivity expressed\&F per AP, in intracellular application, of theder of 10%%.
The higher sensitivity of this dye translates disemto higher S/N.

The second significant improvement in sensitivityaswthe introduction of cooled, back-
illuminated CCD cameras. The CCD camera, becausecdoled and can have about 1000 times smaller
pixel surface area and proportionally smaller darkrents compared to available diode arrays, etghibi
substantially lower dark noise. Following the imnction of CCD cameras, a number of studies
demonstrated that the,Mmaging is quite efficient at the spatial scaledehdritic branche&®2*. The
available S/N, however, was still not adequatellmramultisite recordings from thin axons and axon
collaterals at high frame rates (5-10 kHz) withextensive averaging (>100 trials). In additionyds
still not possible to monitor ysignals at the higher optical magnification anefiapatial scale necessary
for resolving electrical events at the level ofiindual dendritic spines. Clearly, further improvents in
sensitivity (expressed as the S/N) were needed.

One way to increase the S/N with a given voltagesitwe dye is to increase the photon fldx) (
by increasing the excitation light intensity. Anettpossibility is to increase the fractional fluscence

change per unit change in,\(sensitivity of the dye) by choosing the optimatieation wavelength.
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Following this rationale, Holthoff, Zecevic and Kwarth (2010) used one of the most sensitive voltage
sensitive dyes in terms of S/N, (JPW3328*9, and improved both the excitation (and, hencéssion)
light intensity and the relative fluorescence cleangresponse to ychange by utilizing a laser as an
illumination source in wide-field epi-fluorescenagicroscopy mod®. In measurements from layer 5
pyramidal neurons in rat visual cortex slices, ltgkt from a frequency-doubled 200 mW diode-pumped
Nd:YVO, continuous wave (CW) laser emitting at 532 nm diascted to a quartz optical fiber coupled
to the microscope via a single-port epi-fluoreseecandenser (TILL Photonics) designed to overfid t
back aperture of the objective. In this way, appr@tely uniform illumination of the object plane sva
attained. In the initial series of experiments withs apparatus, the extent of propagation andithe
course of back-propagating action potentials (b&iBhals were monitored from dendrites at relatively
low magnification (the full CCD frame (80 x 80 piggcorresponded to a 300 x 3@ area in the object
plane). In this configuration, bAPs could be morgtb with unprecedented sensitivity in single-trial
measurements at all dendritic sites, includingtémminal apical tuft as well as the oblique and hlasal
dendrites’®. The combined effect of an increase in light istgnand the use of a near optimal excitation
wavelength was a dramatic improvement in the Seitgibf voltage imaging by a factor of about 50 in

recording from different sites on neuronal procssse

Voltage imaging from dendritic spines

The high sensitivity of recording from dendritexlaaxons at relatively low optical magnification
indicated that it should be possible to increaseottical magnification by a factor of 10 and monk/ -
transients from individual dendritic spines. Redogdelectrical events from individual dendritic 88 is
important for several reasons. Spines play a atiticle in the input-output transform carried oytdnm
individual neuron. They receive most of the exoitgatsynaptic inputs in many brain regions and sawe
calcium compartments, which appear to be nece$saimpput-specific synaptic plasticify 2", In the last
decade, a number of investigators, (e.g. Winfriethl) Rafael Yuste; Karel Svoboda; Bernardo Sahatini
Haruo Kasai) revisited previously well-articulatéboretical questions and ided$® and analyzed open
problems in spine physiology with the aid of nogeperimental technologies. The methodology has been
developed to measure €signals from individual spines with great precisiosing two-photon
microscopy, and many aspects of spine physiololgye® to C&" signaling have been illuminatéd

The electrical behavior of spines, however, is leell understood and controversial. For a long
time, the electrical role of spines had to be abergd on purely theoretical grounds because it was
technically impossible to measure,¢ignals from individual spines. Theoretical wéfR>*?and, more
recently, several experimental studfé$>>°speculated or provided indirect evidence thatefeetrical

characteristics of dendritic spines might have irtggd implications for integrative function and fibre
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plastic properties of neurons. Other studies basediffusion measurement&*! as well as on multi-
compartmental modeling*' indicated that spines may not play a significdetteical role. This question
was unresolved because it has never been possibtireéctly document the electrical behavior of
dendritic spines owing to the limited sensitivitiytbe available measurement techniques at the siqui
spatial resolution. Thus, a critical challenge, hbabnceptually and technically, was to develop an
approach for the direct analysis of,\¢ignals from individual dendritic spines. The impgment in
sensitivity described above made this type of miogr possible®. In these measurements, a magnified
image of a spiny dendrite of a stained neuron wagegted onto a CCD camera and fluorescence
intensity changes were monitored from multiple taoes. The bAP related signals from dendritic spine
were clearly resolved in single trial measuremants the S/N was further improved by averaging dlsma
number (4-9) of trials. In these wide-field fluoceace measurements, it was documented that the
interference from scattered light was insignificamtthe superficial layers of the slié@ This study

showed by direct measurement that bAP signals fpimes and dendrites did not differ significantly.

Further improvementsin sensitivity

On the conceptual level, a key open question reéggrthe electrical role of dendritic spines is
whether the hypothetical electrical isolation ohagses on spine heads caused by a narrow spine neck
provides specific functions that are not availajflesynapses on dendrites. Several such functiotis wi
wide implications have been proposed based on ctatipoal modeling and indirect evidence: (1) Spines
reduce location-dependent variability of local EBS&hd, thus, standardize and enhance synaptic
activation of both NMDA channels and voltage-gatb@nnels; (2) Changes in structure and electrical
resistance of the spine neck under activity contretliate the induction of synaptic plasticity urigieg
learning and memory formation; (3) Electrical pndjgs of spines promote either linear or nonlinear
(depending on evidence) dendritic integration asdoeaiated forms of plasticity, thus fundamentally
enhancing the computational capabilities of neurdd$ Spines have the capacity to act as discrete
electrogenic compartments that amplify synapticeptals by activation of voltage-sensitive channels
These functions, if directly demonstrated, wouldirdethe electrical role of spines. However, a dire
demonstration of the electrical behaviour of deirspines would require recording of unitary
subthreshold synaptic responses at the spatia¢ sfaindividual spines with adequate sensitivitydan
temporal resolution to allow quantitative analysifie best existing sensitivity which allowed optica
monitoring of bAP from dendritic spiné&“?was insufficient because EPSP signals would b8 it
smaller in amplitude. Thus, a substantial improvetnire the sensitivity of optical recording was reqd
to allow measurements of unitary EPSP signals firmdividual spines. This was recently accomplished

by: (a) further increase in the excitation intep$ibm a laser at the wavelength that has the sigstl;
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(b) minimizing photodynamic damage by restrictihg excitation light to a small area (18 um x 18 um)
around the spine of interest and by briefly lowgrimkygen concentration in the extracellular solutio
during optical recording®*: This technology was utilized to monitor the efieetl transients in the spine
head and the parent dendrite at the base of the.sphe results showed that synapses on thesesspime
not electrically isolated by the spine neck to gnilicant extent*®. From these measurements, we
concluded that the success rate (limited by liglattering and by the extent of photodynamic damage)
was too low to allow studies of more complex eleatrphenomena in dendritic spiné&le recently
showed how one-photon (1BromputerGgeneratedHholography (CGH) illumination improved voltage
imaging of APs on adjacent axons and dendfte#\dditionally, CGH can allow multisite uncaging

under one*®*” and two-photor®*° excitation. Here we apply CGH to generate bothgimg and
photostimulation patterns and improve several dspaicthe voltage imaging investigation of dendriti

spines.

METHODS

Slices, patch-clamp recording and intracellular apjpcation of dyes

All procedures were performed in accordance witblieiHealth Service Policy on Humane Care and
Use of Laboratory Animals and approved by Yale @rsity Institutional Animal Care as well as by
Paris Descartes Ethics Committee for Animal Res$edregistered number CEEA34.EV.118.12) in
accordance with European Union institutional gurted. Experiments were carried out on somatosensory
cortex slices from 15 to 21-day-old rats of eiteex. The rats were decapitated following deep halo
anesthesia, the brain was quickly removed, andi@08ahick coronal cortical slices were cut in icéeco
solution. Slices were incubated af’ 7 for about 30 min and then maintained at roonpenature (23—

25° C). The standard extracellular solution used dumecording contained (in mM): 125 NaCl, 25
NaHCO3, 20 glucose, 2.5 KCI, 1.25 NaH2PO4, 2 Cadi@ 1 MgClI2, pH 7.4 when bubbled with a 5%
CO2 gas mixture balanced with 95% O2.Somatic wielerecordings in current clamp or voltage-clamp
mode were made with 4—6Mpatch pipettes using a Multiclamp 700B amplifidkg¢n Instruments Inc.,
Union City, CA, USA). Voltage-clamp recordings werade with series resistance compensation set at
70%. The pipette solution contained (in mM): 12@lkeonate, 3 KCI, 7 NaCl, 4 Mg-ATP, 0.3 Na-GTP,
20 HEPES and 14 tris-phosphocreatin (pH 7.3, agljustth KOH) and 0.8 mM of the voltage-sensitive
dye JPW3028> In all experiments, an attempt was made to ifietdaiyer 5 pyramidal cells with intact
dendrites in one plane of focus close to the sarfaicthe slice (to minimize light scattering) using
infrared differential interference contrast (DIGY®o microscopy. The recordings were carried ooinfr
spines on superficial basal dendrites at diffedestiances from the soma (range 30-120 um). Labelfing
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pyramidal neurons with the voltage-sensitive dye warried out by free diffusion from a somatic patc
electrode in the whole-cell configuration. We ugkd most successful voltage probe for intracellular
application, JPW3028, a close analogue of JPWf14¥4 with similar voltage sensitivity available from
Thermo Fisher Scientific, USA as D6923. The elatdrtips were first filled with dye-free solution by
applying negative pressure and then back filledhthe solution containing the voltage probe (0.8)mM
The patch electrode was detached from the neuroforpying an outside-out patch after staining was
accomplished, as determined by measuring restumydscence intensity from the soma. Following the
staining period, the preparation was incubatecafondditional 1.5-2 h at room temperature to atiogv
voltage-sensitive dye to spread into dendritic psses and spines. Before optical recording, thevesl
re-patched to obtain electrical recording usingl@ctrode filled with dye-free intracellular souti

Optical setup

The recording setup was built around a stationgmyght microscope (Olympus BX51; Olympus Inc.,
USA) equipped with a high spatial resolution CCDneaa for infrared DIC video microscopy and for
detailed morphological reconstruction of dye loasedirons (Photometrics, CoolSnap ES2) and a fast
data acquisition camera with relatively low spatiedolution (80x80 pixels) and exceptionally lovade
noise (NeuroCCD-SM, RedShirtimaging LLC, Decatuf, ®@SA) used for voltage imaging.

The microscope was coupled with two holographittegpaed illumination paths, one for voltage
imaging and one for uncaging. The simplified schinaf the setup is shown in Fig. 1A. The voltage
imaging part was based on a 532 nm diode pumpest lssurce (MLL-FN-532-450-5-LAB-TTL,
Changchun New Industries Optoelectronics Tech. I@d., Changchun, China). The laser beam was
attenuated by neutral density filters, enlargeé bglescope and cleaned by a 50 pm pinhole beforasi
directed to the sensitive area of a liquid crysfad Spatial Light Modulator (SLM) (Hamamatsu X1846
01). The reflected beam was projected onto the bzxd plane of 100X microscope objective (NA=1.0
water dipping, Olympus) by an afocal telescope by L1 (f==500mm) and L2 (f=250 mm) and a
dichroic mirror D1 (FF560-FDi01-25x36, Semrock).eTrero-order non-modulated components reflected
from the SLM were suppressed by an intermediatatdadock. A defocus of the beam was explicitly
introduced before the SLM such that the zero ofdeus was displaced by around 5 cm. For the
diffracted first order component, the defocus wamgensated with a spherical Fresnel lens at the.SLM
In this way, the point block for the zero-order gmnent did not significantly perturb the propagatod
the holographic patterft. For voltage imaging, the illumination power delied to the slice depended on
several factors, including the level of voltagesgve dye staining, the depth of the dendriticnofawith
spines, and the exact pattern of stimulation. Thivs,illumination power delivered to the prepanatio
varied in the range of 0.05 mW to 0.6 mW.



The uncaging illumination was obtained using a wmrctial module for holographic light
patterning (Phasor-3i Intelligent Imaging Innovatitnc. Denver, CO USA), modulating a 405 nm laser
source (Obis Coherent, 100 mW) controlled by Las@iS and SlideBook software (3i Intelligent
Imaging Innovation). The illumination power delieer tothepreparationf@achuncagingspot varied
between 0.1 mW to 0.5 mW. Imaging and uncaging beeme combined using a dichroic mirror D2
(Di03-R405/488/561/635-25x36, Semrock). The induitedrescence from a voltage-sensitive probe was
long-pass filtered LPF (FF01-593/LP-25, Semroclk) mmaged using NeuroCCD-SM camera.
Computer-generated holography
Multi-point CGH patterns for both imaging and unicagwere generated using a modified weighted
Gerchberg and Saxton algorithm (G8)2 The relative intensity between spots was cordolby
adjusting their weight in the input pattern of #lgorithm>*°% The pattern and the corresponding wGS-
generated phase profiles were defined, computedaddressed to the SLM using “Wavefront Designer
IV,” in house software written in C++ with Qt 4.4add fftw 3.1.2. Calibration and characterizatidhe
generated patterns were performed by detectingceatifiuorescence on a thin film of Rhodamine 6G
spin-coated on a coverslip. The multipoint pattesimswn on Fig. 1B acquired on the NeuroCCD camera
were used to calibrate the exact positioning offtblgraphic spots. By introducing a correctinggtsin,
translation, and rotation transformation to theuinpatterns that was provided to the algorithm,ceeld
achieve submicrometric precision in spot positignifihe experimentally recorded beam size (Fig.1B)
results from the convolution of excitation (405532 nm) and the detection point spread functiorFjPS
at the wavelength of the collected Rhodamine ewmséiiltered by the LPF filter). We estimated the
effective excitation beam size based on the nomuadlle of the detection PSF and the measured
experimental profile (acquired by high-resoluti@mera and shown in Fig. 3B), to be ~0.3 um (FWHM)
for the 405 nm spots and of ~0.7 um for the 532ames. A slight under-filling of the objective back
aperture was used to increase the size of holograpbts of the 532 nm imaging pattern to bettetcina
the size of a typical spine. A similar GS algoritifn®> was also applied to generate a large 532 nm
holographic spot (diameter ~25 pm) that was usednimic wide-field illumination. The large
illumination spot was used to obtain an image d&-thaded dendrites and identify structures of eder
on the NeuroCCD for voltage imaging. Because exdntolographic shapes are characterized by
randomly distributed intensity inhomogeneities (qpes), wide-field images (as shown in Fig. 3) were
obtained by averaging 5 different speckle pattefiifee obtained wide-field fluorescence images of
selected dendritic segments were used to definpdttern of holographic illumination for both imagi
and uncaging (Fig. 3). We adjusted different illoation intensities for different illumination spais

enhance signals from specific regions of interégpically, the spots covering spine heads werestdgl
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to have 2 to 10 times stronger illumination intéesirelative to those on the dendritic shaft. ¥altage
imaging, laser light was gated by a high-speedtshUniblitz LS6, driver D880C) for 10 to 30 ms
recording trails. Recordings were carried out &aee rate of 2 kHz or 5 kHz. Acquisition and asay
of data were carried out with NeuroPlex softwared&hirtimaging). For glutamate uncaging we used
bath applied DNI-glutamate (5 mM) provided by Femts KFT (Budapest, Hungary). Illlumination
pattern for uncaging consisted of single or mudtipots placed near individual spine heads,
approximately at a distance of ~ 0.5 um. The actpatial relationship between the uncaging spads an
spine heads was uncertain at the sub-micrometeaiasgaale because of light scattering in the brain
tissue. Short pulses (0.2-0.3 ms) of patternednithation were applied to induce local glutamateasé
near spine heads.

Data analysis

Subthreshold EPSP signals and bAP signals werededadypically for 30 ms at a frame rate of 2 kHz o

5 kHz at room temperature kept at 25°€7or at near physiological temperature of 322G4Repetition

of typically 9 trials were acquired and averagedalsis and display of data were carried out utiieg
NeuroPlex software (RedShirtimaging) written in IExelis Visual Information Solutions, Boulder,

CO) and custom Visual Basic routines. No correctmrbackground fluorescence was carried out
because it was found to be negligible under hojagraillumination restricted to several spots ooelied
dendrites. The signal alignment software was us@witrect for temporal jitter in AP initiation asilvas

for possible small movements of the preparatioinduaveraging®. In the temporal domain, AP signals
were aligned by cross-correlation of the electlycedcorded APs in each trial to the referenceaign
acquired at the start of averaging. In the spdbahain, camera images were aligned in two dimession
offline by image cross-correlation to compensatgfssible small lateral movements of the prepamati
Correct focus of the image in the z-dimension warsfied frequently; small adjustments were often
necessary. The spatially and temporally alignedagwere averaged and slow changes in light ifitens
due to bleaching of the dye were corrected by digdhe data by an appropriate dual exponential
function derived from the recording trials with siomulation. Dual exponential fitting requires an
algorithm for least-squares estimation of nonline@iameters. We used the Levenberg—Marquardt
algorithm. Subthreshold optical signals were caliéd on an absolute scale (in mV) by normalizingrto
optical signal from a bAP which has a known dealgnamplitude along basal dendrites, as it has been
determined by patch-pipette recordin@s’. In an earlier stud{?, we experimentally confirmed the
previously reported resuit showing that this method of calibration produce shme results as
normalizing signals to optical recordings corresping to long hyperpolarizing pulses delivered te th

soma which attenuate relatively little as they jiggte along dendrites.
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RESULTS

We integrated a voltage-imaging setup with a sydtemntwo independent patterned illumination systems
based on CGH, implemented with the use of two SkMesns (see Methods). Our goal was to improve
several aspects of voltage imaging of subthressyi@ptic potentials from individual dendritic spsne
evoked by glutamate uncaging. We focused on thidliions in accuracy and sensitivity of optical
recording of membrane potential signals imposetighy scattering and by photodynamic damage. We
also carried out experiments to confirm the funwidy of patterned illumination in voltage imaging
combined with simultaneous illumination patternsrfaultisite glutamate uncaging.

Figure 2 illustrates the current sensitivitwoitage imaging under conventional wide field
illumination. An expanded 532 nm laser beam wdgatl to overfill the back opening of the objective
and evenly illuminate the object plane. In thisexkpent, a L5 pyramidal neuron was labelled with a
voltage sensitive dye. A basal dendrite with spimesitioned close to the surface of the slice (to
minimize light scattering) was selected under laworfescent light level. The magnified image of the
dendrite was projected to 80 x 80 pixels CCD carfearaoltage imaging (Fig. 2A). The spine was
positioned in the immediate vicinity (~0.5pum) oétbentre of the field of view where a diffraction-
limited uncaging spot from a femto-second laselddbe delivered. During a 50 ms optical recording
period (Fig. 2B), the subthreshold signal adjustechimic a unitary EPSP was evoked by 2-photon
glutamate uncaging using 720 nm light from a fsedllaser (for experimental details see Popowadt. et
2015). A strong depolarizing current pulse delidgirem the somatic patch pipette to evoke an action
potential, which back propagated into the basatlden(bAP), followed the EPSP signal. Figure 2
clearly shows that the sensitivity of voltage immagivas adequate to monitor, quantify, and compgeee t
subthreshold signals from spine heads and the dierméigion at the base of the spine. Previously
reported measuremeritswere improved here by recording both signals ensame sweep at the frame
rate of 5 kHz so that signals can be accuratelynsttucted for calibration and comparison.

The success rate, however, of these measuremastselatively low — between 10% and 20%.
This is because light scattering from the relayivatge parent dendrites was found to contamirfege t
signal from the small spine head in experimenishich the dendrite is deeper that 15-20 um belav th
surface of the brain slice. Another constraint Wesphotodynamic damage which limits the intensfty
the excitation light and, hence, the S/N that camttained. With these technical limitations, ituebbe

difficult or impossible to study directly more colap phenomena in electrical signalling in indivilua
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spines, because these studies would require repeet@surements under different conditions. Thus,
further improvement in voltage imaging was critidMe took advantage of a holographic illumination
technique as recently developed and introduceetioabiology*°4’~49-°%:59-63

To reduce photodynamic damage and scattered Wghteplaced the wide field illumination of
the entire dendritic branch with a patterned illoation based on CGH that produced several diffvacti
limited spots positioned on the regions of inte(égy. 3). In a set of initial experiments, we uséde-
field fluorescence images of dendritic branche$sfines (Fig. 3A) to select the pattern of illuation
(Fig. 3B) with excitation spots generated usingapbic interface for CGE*®* In this way, only several
diffraction-limited spots at selected regions ea@ithe voltage sensitive dye. The result of pagiern
illumination is shown in Fig. 3C. In addition toagfl shaping of illumination, CGH also enables
modulation of the relative intensity of individuatcitation spots to achieve optimal recording cbods
%3 In the three examples illustrated in Figure 3)diitic regions at the base of the spine were not
illuminated while the locations away from dendrgjgines were illuminated with lower intensities. In
every experiment, this resulted in an increas@énrésting fluorescence intensity ratio betweenespnd
parent dendrite. Figure 3D shows that, in diffegeriments, the ratio increased by a factor b4 2-
depending on the applied pattern of illuminationtHis way, contamination of spine signals by light
scattered from parent dendrites is minimized octarally eliminated. Therefore, this unique illuration
scheme based on CGH allows for recording from spatached to thick and deeper dendrites.
Previously, it was not possible to probe theseespfor electrical signals by any method, becausegbf
intensity of scattered light. We conclude that¢batrol of the spatial distribution of illuminaticites
and the adjustments of relative intensities betweaitation spots should achieve an optimal comjgem
between the S/N and photodynamic damage in reagggdiom spine heads and parent dendrites.

To test this prediction, in the next series ofexypents, we determined the sensitivity of
recording, and the extent of photodynamic damagkeupatterned illumination, by monitoring evoked
subthreshold and bAP signals. In the experimentvaho Fig. 4 the patterned illumination was genedat
so that a spine head and six locations on the demndere selectively illuminated as indicated bg th
distribution of green circles on the wide fielddhescence image of the dendritic region in thending
position (Fig. 4A). Because of this selective ilination pattern, the dendritic area at the basbetpine
was not illuminated. This minimizes the contamioatof the spine signal by the scattered light fitbm
parent dendrite. Additionally, the relative integf the illumination spots was adjusted so that t
illuminated dendritic regions received only 50%lwé illumination density delivered to the spine. In
addition to reducing the light scattering effebg graded illumination minimized the photodynamic

damage. At the same time, the loss in the S/N dimater fluorescence intensity from the dendriteswa
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compensated for by the larger dendritic membraea iom which the light was collected. The optical
recording was carried out at the frame rate of 3 &BHring a subthreshold membrane potential trahsien
and a subsequent AP. Both signals were evokedahgritembrane depolarizing current steps delivered
from the somatic patch pipette. In this recordihg, dendritic signal is the temporal average oénrials
and a spatial average of 125 individual pixels fitbmremote dendritic area indicated by the bllipsd
in Fig. 4A while the spine signal is the spatiadé@ge of only 22 pixels. It is clear that the sevisy was
adequate for monitoring both subthreshold and shiEshold responses from the spine and dendrite. In
basal dendrites of L5 pyramidal neurons, the opsiigaal can be calibrated in terms of membrane
potential using the size of the spike as a calitmagtandard because bAP amplitude is known from
electrical measuremertt§ In the experiment shown in Fig. 4 the bAP optiighal corresponds to a
spike of ~70 mV. Thus, the data show that, with C@Mas possible to resolve local subthreshold
signals from individual spines that are of the omfe5 mV. The sensitivity can be further improvad
additional temporal averaging and/or by increasimggexcitation light intensity. We did not detenya
photodynamic damage with holographic illuminatiohe light intensity that provided adequate
sensitivity in terms of the S/N. Figure 4C, D ilieges the absence of photodynamic damage in
measurements that included 18 trials. The spikeefwam, which is a very sensitive indicator of thats
of voltage sensitive channels and overall membexcéability, remained practically identical duritige
first and the second series of nine recordingghiBistudy, we did not systematically explore i@tk in
excitation light intensity set by photodynamic dg@decause the relationship between these two
variables is complex requiring extensive analysis.

In the next series of experiments, we combinedwo patterned illumination systems at 532 and
405 nm to achieve a configuration allowing, for finst time, simultaneous multisite glutamate uringg
and voltage imaging. We carried out these initglexriments using a one-photon photolysis of DMI-
glutamate to establish the feasibility of using twdependently controlled SLM systems to realize
simultaneous voltage imaging and scanless mulipdeglutamate uncaging. In the experiment shown in
Fig. 5A, illumination spots for voltage imaging égin) were generated by one SLM system. Additionally
two diffraction limited spots for glutamate uncagigenerated by a separate SLM using 405 nm laser
light (blue) were positioned in close proximitytteo spine head¥. In this arrangement, it was possible
to record subthreshold optical signals from a renspine and parent dendrite in response to glueamat
uncaging onto either one or two spines simultangd&sy. 5C-F). Uncaging and recording from the
same spine was not possible because of the inaidespetial resolution of one-photon photolysis (see
Discussion). Following subthreshold responses, RwAs evoked by depolarizing current delivered from

the somatic patch electrode. The bAP signal wad tesaormalize the sensitivity of recording from
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different structures. The results demonstrateduhetionality of the system for simultaneous unoggi

and voltage imaging with single spine resolutiomg<GH.

DISCUSSION

In this study, we replaced the standard wiele fllumination in voltage imaging with a two-
wavelength patterned illumination system based GiCOwith the goal of improving investigation of
individual dendritic spines by voltage imaging ajidtamate uncaging. CGH is a technique based on
phase modulation of coherent light initially deyadd for the generation of “optical tweezers”. This
powerful technique has been considered a revolutitight manipulation (Grier, 2003). Lately, the
technigue acquired a major role in neurobiologyekeht has been applied to carry out both singte an
two-photon uncagin®®*°®® optogenetic stimulatio?¥***-*and functional imagin&°*>-*2 Here we
demonstrate a dual-color CGH illumination systepeesally designed to perform functional recording
from dendritic spines, where a first optical patlused to generate a multi-site intensity gradéie e,
allowing localization and intensities adjustmenthdd illumination of dendrites and spine heads, taed
second path permits a simultaneous multisite ungadioltage imaging has been systematically
developed from the early days of pioneering stutéd*®"%"to the level where it is now possible to
monitor electrical signals from individual dendsigipines in brain slicé8****"2 Nevertheless, the
limitations in voltage imaging caused by photodyiadamage and by light scattering in the brainugss
still prevent the studies of electrical phenomendandritic spines that are too complex to be ingated
by simple experimental protocols. We carried oygeziments to demonstrate the possibility of using
CGH illumination to perform voltage imaging from Hiple spines and the parent dendrite. Intensity
graded illumination patterns, defined based onrlacence images, were shaped in a way to pragticall
eliminate contamination of optical signals by thatsered light from the parent dendrite (Fig. 4A, B
increasing the effective spatial resolution of fiimeal recording. The results also suggest that the
localization of the illumination exclusively on tihegions of interest (spine heads and small secton
parent dendrites) can significantly reduce photaayic damage (Fig. 4C, D). Finally, we showed that
voltage imaging with CGH at 532 nm excitation liglould be combined with patterned illumination gor
simultaneous multisite glutamate uncaging. Uncagiag implemented with an independently controlled
holography system using 405 nm light for one-phatocaging. Thus, uncaging and recording from the
same spine was not possible because of the inatespatial resolution of one-photon photolysis. In
most cases, the diameter of the illumination sp@ts enlarged (relative to the diffraction-limitqubs)
due to light scattering in the brain slice tissTiee large uncaging light spot positioned near fiees

would excite the voltage sensitive dye in the siead membrane. This resulted in an artefact signal
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which masks the real response (not shown).Thisl@noks resolved by using photolysis based on two-
photon absorption characterized by diffraction-tadispatial resolution as shown in Fig. 2. Thus,uke
of CGH under two-photon excitation would permittbepreservation of the pattern of illumination
against the effect of tissue scatteriignd investigation of deeper structures. Additibnahe
demonstrated capability of CGH to generate patteves multiple plane$’>*coupled with an extended-
depth-of-field detectioi*"*, could allow simultaneous volumetric photoaciivatand detection of
multiple spines. These developments will facilitateher imaging studies of how specific combinatio
of different transmitter receptors and voltage-gemsion channels in different classes of spinesim

concert to shape the integration of chemical irgignals at the site of origih
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Figure 1. Two-colour CGH illumination: A) Diagram of the op#l setup for holographic illumination
patterns at 532 nm and 405nm. The 532 nm (gresa)) tleam from a solid-state laser is attenuated by
neutral density filters (ND), enlarged by a telgsscand directed to the liquid crystal SLM. Thengl®f

the SLM is projected with an afocal telescope (hdl &82) to the back aperture of a microscope objecti
(OBJ). The 405 nm patterned beam (violet) is gerdry a commercial module (Phasor) and coupled to
the 532 nm beam path thorough a dichroic mirror Dfe patterned beams are reflected toward the
objective by the dichroic mirror D2. The collectiabrescence is filtered by the long pass filtelPf)

and directed either to high resolution camera dhéohigh-speed NeuroCCD camera using a movable
mirror. B) Upper panels: Fluorescence pattern gaadrby a 532 nm (right) and 405 nm (left) digital
holography on a thin layer of Rhodamine 6G as detkaith the NeuroCCD. These patterns were used to
calibrate the sub-micrometric positioning of thédgoaphic spots. Scale bar 1 pum. Lower panels:i&pat
profile of the Rhodamine emission generated by2ars8 (green) or 405 nm (blue) CGH spot recorded

with the high resolution camera.
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Figure 2. Voltage-sensitive dye recordings under wide fitldnination in epi-fluorescence microscopy
mode. A) Upper panel: fluorescence image of a bdesadirite branch with one spine in focus with 100X
objective. The red dot indicates the position efaionary spot for 2-photon uncaging. Lower panel:
selection of pixels for spatial averaging of spsignal (red) and parent dendrite signals (blue)OBdical
signals related to uncaging evoked EPSP and agudsebAP initiated by a depolarizing current pulse
and used as a calibration standard. In the righelp@P signals are scaled to the same heightrtecio
for the difference in sensitivity in recordingsrnalifferent locations. This is necessary for calilun of

optical signals in terms of membrane potential.
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Figure 3. Contrast improvement with intensity gradient ho&ahic illumination. A) Fluorescence

Patterned O

images of small sections of basal dendrites frometth.5 pyramidal neurons under wide-field

illumination obtained by a large homogenous CGHepatcovering the whole field of view. Scale bar: 1
pm. B) Scheme of the multi-spot CGH illuminatioritpens superimposed on the wide-field fluorescence
image. C) VSD fluorescence under CGH patternedilation. D) Increase in contrast expressed as the
fluorescence intensity ratio between spines andnpatendrites as determined in 9 different preparat
The dramatic increase in the intensity ratio bgetdr of 2-14 corresponds to an equivalent decrease

the contamination of the spine signal by scattégdd from the parent dendrite.
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Figure 4. Sensitivity of optical recording using digital lbgraphy patterned illumination. A) Upper
panel: fluorescence image of a section of basalterunder wide field illumination used to define
illumination pattern. Lower panel corresponds totra subsection of the camera chip used for data
acquisition at a frame rate of 5 kHz. It showsghme dendritic section under patterned illuminatidn
Optical signals corresponding to a subthresholdsapdathreshold (bAP) response from a spine head
(red) and from a remote dendritic region (blue)e Tineen trace is recorded from a region withoutespi
(green circle) at the same distance from the palendrite as the recorded spine head. The absénce o
signal indicates significant reduction of light geang with holographic patterned illumination. Gpper
panel: fluorescence image of another section cdllendrite under wide field illumination used &fide
illumination pattern. Lower panel shows the sameddiéic section under patterned illumination. D)
Optical signals from the entire structure undeobodphic illumination. The signal from the firstréals
used for temporal averaging (blue) is very neatgntical to the average signal from the subsecient
trials. The result indicates absence of photodynatamage under holographic illumination at the
excitation light intensity that produces unpreceddrsensitivity (S/N in recording bAP of ~30
determined as signal amplitude divided by the sédargest peak-to-peak noise amplitude).
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Figure 5. Simultaneous voltage imaging and scanless gluaorataging from individual spines using
two independently controlled and synchronized C@Hgons of illumination. A) Fluorescence image of a
section of basal dendrite under wide field illuntioa used to generate illumination pattern for &gk
imaging (green) and glutamate uncaging (blue). IB) $ame dendritic section under patterned
illumination. C) Optical signals corresponding teubthreshold signal evoked by glutamate uncaging
onto one spine and suprathreshold (bAP) resporaed\by depolarizing current pulse. Signals from
spine head (red) and from parent dendrite (blackshown. D) Comparison of subthreshold signaisfro
the dendritic region at the base of the spine eddiyeuncaging glutamate onto one spine and twaespin
simultaneously. E) Signals from spine head (red)@arent dendrite (black) evoked by simultaneous
uncaging of glutamate onto two spines. F) Patcttrelde somatic recordings of the subthreshold

responses related to glutamate uncaging onto ahéasmspines.
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