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ABSTRACT

Development of sweptonfocally-aligned planar excitation (SCAPE) microscopy
for high-speed, valmetric imaging of biological tissue

Venkatakaushik Voleti

With the widespread adoption of exogenous fluorescent indicétarsd more recently
genetically encoded fluorescenbpminsi over the past two decades, there exists a diverse
chemical toolkitwith which to probe biological systems. Individual cell types andcalinlar
compartments can be targeted in an increasingly wide range of model organisms. However,
imaging thessamples is often an exercise in balancing the needs of any given experimen
against the constraints of the chosen imaging technology. For example, a volume of brain tissue
is host to neurons, glia, vascular compartments and red blood cells that all dstuete
locations in 3D spacdut mustwork together to support healtbygan function Singlecell
activity on the order of milliseconds can trigger downstream processes that unfold over the
course of multiple seconds or even minutes. The developrharnteohnique capable of
providing depthresolved, volumetric imaging witkcalable spatiotemporal resolution is crucial
to developing a proper understandingo€hbiological systems.

Bottlenecks in théhroughput of risting technologiestem froma combination of
inefficientillumination andvolume acquisitiorstrategiesand insufficientsensor readut
speedsLight sheet microscopy is a promising solution, but individual designs tend to be highly
specializedo speific typesof samplesand @ not easily adapt to a wide range of experimental

settingsIn this thesis| detail my work in developing swept, confocallyigned planar excitation



(SCAPE) microscopy from a firgfeneration prototype into a versatile, et&syeproduce, easy
to-use system fanigh-speed 3D imaging.
The first chapter introduces thehallenge®f designing optical systems capable of high
speed, volumetric imagingn introduction to design choices faced in the construction of
fluorescence microscopeand cirrent approachds 3D imaging areliscussedThe second
chapter describes the progressionritahe f'to 2" generation SCAPE system. Improvements
made through rayracing models&indan enhancedptomechanical design arestribedand
resultsfrom thissystemin a number of model organisrase presented he third chapter
presentgesults from aange of biological applications to which SCAPE microscopy has been
applied.Work in imaging the zebrafishhearto demonstrate the systemods
speed,th€. elegans o0 s how t he s,adfinalyednsmberefexapias dbfiargen
field-of-view and highresolutionstructural imagingre all described:inally, the fourth
chapter concluwes with aroverview of thework that liesaheado bothfurtherdevelop of
SCAPE microscopy, as well &sbringt he exi st i ng s gasih@&wud@rganget r en gt

of environments.
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Chapter 1¢ Introduction

Biological systems anacredibly complexA cubic centimeter of brain tissue consists of
a complex network of tightly packed neuronstewith their own morphologies, excitability,
connectivity and genetic profiles. These characteristics can change as@nfohstimulus,
development and diseadeerturbations to biological tissue (such as thrombdsad)occur on
the order of secondsan unleash complesignaling cascaddbkat have long lasting effects days
or even years after the initial event. Imagingsth processes isucial to developing a better
understanding of the mechanisms behind them. Such an understanding can helppisxfaid
points of interventiono stave off disease through newly designed therapewoties/en enhance
biological functionfor our own ends.

While tools such as the-My, ultrasound and MRI have been clinically gachanging
and are widely used to fdéitate noninvasive visualization of biological function, these
modalities lack both the resolution and mechanisms of comérasobe behavioat the cellular
level. Here, opical microscopycan servaas an essential tofdr investigation Its primarygoal is
to permit the visualization ahicro-structures within tissue not immediately apparent to the
naked eyeHowever, in addition to struatal imaging, functional imagingi.e. the study of how
a system changes over time in response to or on thecabsestimulug is also crucialOptical
microscopy offers a wide variety of contrast mechanisms such as tdasoppase contrast and
polarization that can all be used at the cellular level. Most notably, the usage of fluorescence has
become increasinglubiquitous over the past two decades in concurrence with the development

of sophisticated genetic techniqueddcalize that fluorescence $pecific, subcellular targets.
1



However, me of the key challenges of optical microscopy is that these twoigoals
structural and functional imagirigareoften at odds with one another. Imaging fine structures
requires sanlmg those structures finelymaging fast processes invohaesquiring datdaster
than the processes themselwgsd understanding activity stributed in 3D space clearly must
involve sampling that 3D space in its entirety. Broadly speaking, thedftsdene must make
when balancig the ability to acquire highjuality structural data or higtuality functional data
using a3D optical systenare a result ofinadequatelataratea nd t he s mtolgrdn@d s o wn
to externaperturbation

3D microscopytechniquesre generally limitedo low volumetric speedfor reasons
more thoroughly discussed later this sectsa resultmanyhigh-speedsystemsare highly
specialized to a given application and resist modificatiah might make them more acces$sib
to the larger research commty. Within this thesis, | will describe my work in developing
Swept, Confocally Aligned PlanarExcitation S§CAFE) microscopya high-speed, 3D
fluorescence imaging technolagiiat can be used on a wide variety of model organisms to
address key applicatns in the field of neuroscience and cardiology.

Within the first chapter, | provide the requisite backgrouretled to understand the
development oSCAPE microscopyA briefintroduction tofluorescences providedfollowed
by an explanation dfasicoptical principlesthat play a role ifiuturedesign choiced then
discusgpreviousapproaches thigh-speed, saaing 3D microscopytheirbenefits andheir
drawbackswith paticular attentiorplaced on lightsheet based illumination strategies.

In thesecond chapter, | will describe my work in developing SCAPE microscopy.
Throughout the course of this wolkplacedgr e at emphasi s on the syste

its potential for dissemination which motivete large number of design choices dixsd
2



herein.l discusany work on the initial implementation of the system (SCAPEA&r@) then the
drawbacks osud an architecturd.developed aew design with a simpler geometry based on
confocal microscop The new systemretainedthe data ratesf SCAPE1.(but significantly
i mpr oved tpérfermangeslong artusber of metrids a result of high demdnl
was simultaneouslgievelopng and supportinghreesystemswithin the lab and there was a need
for standardization of performance acrogstems. | developed successive generations of custom
opto-mechanical alignment techniques and performance methese initial systems facilitated
four collaborationdetween our lab and other groups at Columbia Univemratuiring 3D
calcium imagingwithin the larvd and adulDrosophilain vivo mouse braiand olfactory
sensory neurong&xamples fronsome of hesemodel organismsas well as frm the zebrafish
central nervous system that resulted from shortetteteo week collaborations are presesh
to highlight thenextgeneratiors y st emés .capabilities

In the third chapter, | highlight key biological digations thatserved as a driving force
behind further opti mi zat i o:ithepebrafishhheartangdthed G mo s
elegans. Thezebrafish heart is a commonly used model orgaimsmagenerative medicine and
developmental biology, hoever direct 4D measurements of the sample are complicated by the
fact that the system is consistently in motion (beatidgtignes per second)describe the
standard approaches to 4D imaging of #ample, with an emphasis on the ligheet based
technques that have been developed over the past decade for the imaging of blood flow and
calcium activity. The limitations afurrent approachdsed me tancorporatea highspeed, next
generation cameria order to develop version of SCAPE microscopy than perform depth
resolved 3D imaging dtundreds of volumes per secoiithis representsver an order of

magnitude improvement in acquisitispeed. The C. elegans is a commonly used model
3
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organism inthe field of neuroscience and is the only animal w&ifally characterized
connectome. | describe previous approaches to wiraie imaging of this sample using light
sheet microscopygpinning dsk confocal microscopy and other modalitiBsie to the mch
smaller size of the C. elegans, pursuing this appbin required me to develop a version of
SCAPE withsubmicron to neamicron resolutionBy further incorporating the higbpeed
camera usetbr zebrafish heart imaging, | was able to image theeshtdy of a C. elegans at
rates fast enough to perfocell tracking with enough detail to resolve cellular nuclei and fine
dendritic processes. Additional applications of kigholution structutamagingi including
those incleared tissues and retirfit mounts- that arse as a natural consequenté¢his
improved resolutiomre then presented.

The final chapter concludegth thoughtson the potential for futureevelopnent of
SCAPE, altern@ve implementations ahe technologynd the challengdacingthe field of

high-speed, volumetric microscopg a whole.
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Figure 1.1: Explanation of fluorescence

a. Energy level transitions of electms transitioning from the ground to excited states and back. Linear or ghgten
absorption occurs when a tiigenergy photon (blue) is absorbed by an electron;radiatively emits energy and releases a
lower energyphoton (greenp. Multi-photon absiption occurs when an electron absorbs two or more low energy photons
(red), nonradiatively emits energy and theeleases a higher energy photon (greenlexcited éectrons caralso transition
into a triplet stats before decaying back downtothegmd st at e, which can take 1000
fluorescence emissiah Excitation (dashed) and ersisn (solid) spectra for commonly used fluorophores spanning the vis
range of lighte. Mouse brain slicexpressing GFP in layer 2/3 andyler 5 neurons of the cortex taken fr¢@hen, Cichon et
al. 2012))f. Dentate gyrus of hyl-Brainbow1.0mouse brain expressing combination&€é#, YFP and RFP

Fluorescence is a biophysical phenomenon by which a fluorophore (molecule or atom) absorbs a
photon containing a spiic amount of energy and then emitkaer energyphoton at some
later time.In its simplest form, lineaftuorescence occumshenanelectonwithin a fluorophore
absorbs ainglephoton that causes it to transition from its ground or lowest enetgyista a
higherenergystate(Figure 1.1a). The energy potential difference between these two states
corresponds to thwavelengthe- of the photon absorbed:

"@YO
Il n which h is Planck®&s c osthednergy bandgap. Theseledtrbne s p e
releases energy througmonradiative processes while in its excited state and then falls back to
the ground level eitting another photom doing so Multi-photon absorption processes involve

the absorption of twphaons simultaneousl@Figure 1.1b). Alternatively, excited electrons can



also transition into triplet statesignificantly delayig the emission of a photon fronetielecton
(Figure 1.1c).

Due tothe nonradiative energyoss prior to photon emissipthe wavelength of the
emitted photon will be longer than that of the absorbed phdtmnexcitation and eission
spectra of a given fluorophore correspond to the probability that lighpafticulamwavelength
will be absorbed or emitted by the fluptwre(Figure 1.1d). This wavelength shift between the
excitation and emission spezts known as the Stokes shiluorescent microscopes reliant on
linear fluorescencase lowwavelength excitation sources and selectively filter wavelengths
corresponding to t he infobplicalpaths Hirected tovgardetilei s si on b
detecto.

Fluorescent molecules come in a range of colors and following e proliferaion of
GFP(green fluorescent proteithroughthe research communijtgthe past two decades have seen
a combination of genetic and chemical engineering that have allesviedtarget virtually any
trangyene with a host of multiolored fluorescent proteifsPs). Targeting of FP expression to
specific transgenes can be accomplished acutéhdividual animals through bulk injection of
plasmids into tissue followed byesitroporation, or through the use of viral vectors.
Alternatively, it is also possibl® createstable lines of transgenic animals through techniques
such aembryonic stem celinediated gene transfe&uch techniques have led to the creation of
a host ofmodel organisms with libraries of fluorescently labeled transgenes, as well asdibrar
of the plasmids themselvds.n addi ti on to targeted expression
molecules found in tissues are also fluorescent. Examples includgesofound in structured
lattices within connective, fibrous tissues such as tendoddigaments, lipofuscin which is

deposited in organs such as the brain and liver in response to aging and injury, and flavin
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proteins which are crucial to metabolic pegses in cellular respiratiohogether, these

endogenous sources contribute to ekgemund signal known as autofluorescence.
Thecolorandmere preseteo f  RrBtlbesmost commonly usddrm of contrasin

fluorescence microscof¥igure 1.1€). However, buried within the process of linear

fluorescencarea plethora of other contrast mechanisms capable of providing detailed

information about tissue structure and function. For exanddferentF P 6 s take different

amounts ofime to emit fluorescence after the initial absorption evEms distribution of

emission times isalledfluorescence lifetime and can help disambiguate the presence of

fluorophores with similar emissispectraMo st FPO6s have f ketween2e3scence

3.5 ns. As areference, GFP has a lifetime of 2.8 ns, though recent work has created variants as

low as 0.8 ngMamontova, Solovyev et al028). Similarly, hyperspectral imagingses he

absorption or emission spectraFoP assiniquely identifying fingerprintgRadosevich,

Bouchard et al. 2008, Grosberg, Radosevich et al. 2BY19weeping a narrow band light

source through a range of wauadghs spanning the excitation spectra of a number of spectrally

over |l appi ng F Puhrsxtheanmount of eaghondivaduab flu@esderd protein at

every position within the imag€&urthermore, ratiametric imaging can be used to distinguish the

boundaries between tightly packed adjacent tissues that express different fluorophangsdo

degreesFor exampleFigure 1.1f shows howcombinatorial expression of 4 proteins allows

clear disambiguatioof adjacent cedl usirg a technique called Brainbo@ver the past twenty

years, he development of fluorescent proteins has extended the emission spectrum into redder

areas of the visible and near infrared spectfRodriguez, Campbedt al. 2017)In this thesis,

we use SCAPE to image red fluorescent proteins such as dsRed, mCherry, tdTomato and tagRFP

for ratiometricfunctionalimaging.



Functional fluorescent proteiasr e t ar get ed FP6s that change

an envionmental perturbation. GCaMP is a calctgansitive fluorescent indicator that fuses
circularly permuted GFP to calmodulin, @aum binding messenger protein, and M13, a
myosin light chain kinasén order to emit fluorescence, it mustdfimultaneoushexcited by
wavelengths within its excitation spec{tsually 488 nmas well as in the presence of unbound
calcium. Upon bindig tocalcium, the conformational structure of the protein temporarily shifts
resulting inemission of photons betwedB80-590 nm with a peak at approximately 5520 nm
GCaMPhas been widely adopt@u neuroscience where increases in intracellular calcium levels
following an action potential are used as a proxy measure of neurona{@heg, Cichon et al.
2012) It has since spread to other research areas such as the study of th€ Calitha®©hkura

et al. 2006, Weber, Scherf et al. 20&Ad vascula(Tallini, Brekke et al. 2007adivity. Since

its initial invention in 200.Ldevelopment of successive generations of GCaMP have produced
variants with improved dynamic range, sigi@backgroundatio (SBR) responsivity and

binding kinetics The verson of GCaMPexpressed in an oagism can limit the types of
processes one can study. For example, slow rise or decay time kinetics can affect the ability to
resolve highfrequency calcium dynamics, as one calcium spike merges into another.
Alternatively,other variants such as GCaMP6s wittv background significantly improwée

SBR but provide little information about the location of inactive cells. FP selection plays an
important role in determining optimal parameters for an imaging styas | desébe later in

this chapterin the design or limitations afnaging systemslhe examples in this woffocus on
applications in neuroscience and the cardiovascular systermpriaratily use GCaMP6 variants
as metrics of cellular activityn addition toGCaVIP, recent years have alseen the

development of proteins sensitive to voltdgea, Zou et al. 2017)neurotransmitters and
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neuromodulatoréWang, Jing et al. 2018ylucosgHu, W et al. 2018) pH (Martynov,
Pakhomov et al. 201&nd other metabolic procesg8slan andBelousov 2016)

Working with fluorescent proteins, however, comes with a numbeawe¢ats that must
be taken into consideration. Live cell and live animal imaging require that the method chosen be
non-destructive to the sample over the duration of ¥pegment. While fluorescent protaimare
excellent sources of targeted contrast for the reasons described above, one of the key challenges
is collecting enough photons from FP&6és to ach
challenging fora number of reasons. Unlike stansody es used in histopath
expressed by utilizing the cells native transcriptional and translational mechaniniss mi g h't
be attached tmoleculeghat are natively expressed by the cell itself. As a tethd
concentration ofluorophoreswithin a given area might deo low to generate sufficient signal
when excitedArtificially boosting the signal by driving increased production of the FP could
alter cellular processes dependent on the machinerthth&P was designed to investigaie.
extreme cases, the presenc¢heffluorophores themselvasght be cytotoxic and negatively
affect the behavior of the organism in question.

In additionto issues relating to FP expression aadcentrationfluorophores only
convert a fraction of absorbed photons into emitted fluorescence (a ratio known as quantum
yield: 0 & Q& Qo ®e ¢ iOwi &€ IN&WE Elmproving the quantum yield of
FP6s i s an act idimragi@ steias generally tey soaise hightgyantamyield
FP6s in order t o rlaoxophoreszaleo cdn&in gipet states istd winioha |
photons can transition into when in the excited sE&xtrons can remain in these triplet states
for ordersof magnitude longer than in the excited state, thereby destroying the ability of the

molecule to generate fluorescence. Energy or electron transfer can then occur from this triplet
9



state into molecular oxygen, creating reactive oxygen speciearéhaaphle of degrading
fluorophoreqgand by extension, SNR)er time in a processalled photobleaching. These
reactive oxygen species can also damage cells in a process known as phototoxicity.

While the exact mechanisms of action behind photobleaamdgohdotoxicity arestill
poorly understoocthey are important considerations when choosing imaging parangitgral
drop-off due to photobleaching parameters typically take the shape of pawiaecaying
exponential functionwith the exact timeonstand of the exponentials varying as a function of
laser exposure and fluorophore used. Recent work suggests that photobleaching rates are non
linearly related to the intensity of illuminating light, with higher light levels causing dun@ar
increaes in luorescence decqgranfill, Sell et al. 2016)The way in which imaging systems
with different illumination paradigms trade off their ability to image rapidly with higher rates of
photobleaching will be discusseadfuture sections.
Optical Microscopgind the Design diagingSystems

This section will introduce terminology and certain design fundameuitalgtical
microscopy (specifically fluorescence microscopy) that will serve as a reasonable base of
knowledgefor chapters to come. Thégction is nomeant to be an authtative guide to
imaging systemd-or an excellentnathematical description of the physafoptics, see
AOpticso by hnEugemaemerHneéahts of Photonicam by B. E
APrinciples of Opti cs.dorbtgpoy-Bep xutordlda lens desigd, see mi | W
AModern Lens Designo by Warren J. Smith and i
Zemax Exampl es o Iripally]forareeghlaustMe woineha nugnces of

experimental protocols pertaining to fluores@ndcroscopy, imaging system design and
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processing of biologicalimages | ref er readers to fAiThe Handboc
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Figure 1.2: Basic lens properties

a. Collimated rays passing throughaleh cus at t he | e n shkbRafsremanatingfirancagpoint gt theabach
focal plane (BFP) of a lens emerge collimate@ollimated rays traveling at aangle focus at the focal plane above the optic
axis d. Divergent rays entering a lens fodosyond the focal plane Convergent rays entering a lens focus before the focal
planeg. Nonrotationally symmetric lenses such as cylindrical lenses only faghtsalong a single dimensiagn Numerical
aperture of alens is determinedtsh e hal f angle of its cone of collectic
medium

First, consider a optical system containing a single lerwdlecting lightfrom alight
source(Figure 1.2a). The simplest light source is one in whalhrays are travellig parallel to
one anothertheseraya r e ¢ al | e.dThé aptocdl &xis of a systam is the imaginary line
passing through theenter of curvature of a lewns lens sequenc€ollimated rays passing
through a | ens aper tlaneThe rdverse is also ériigghttohgsatihge ns 6 f o
from a point on the | ensdé focal pd callmateda nd pas
(Figure 1.2b). Thefocal length f, of a simple lens is the distance from the lens surface to the
focal planeand in simple, thin lenses is inversely related to the curvature of thé&tertbe
purpose of this examg| let us assume that we have a thin lens with an egqoiviabnt and back
focal lengthIf collimated rays traveling parallel to the optical axis pass through the lens, they

will focus at the intersection of the optical axis and the focal plane. Ibthmated rays pass
11



through the lens traveling at someagkm—-relative to the optical axis, they will converge at the
focal plane at some height, h, above the optical (&kggire 1.2c) in which:
Q Q0 .

Again, this equation can be used in reverse. A ray passing through a point on the focal
plane of a lens at some height, h, will exit the lens traveling at an arngéative to the optical
axis.Simply put, this equatiospeaks to a relationship between the tfiemmdback focal plane of
a lens. The location of a light ray at the back focal p(&#€>)of a lens will determine the angle
at which that ray hits the front focal plafig=P)of the lensthe angle at which that light ray
intersects the BFP will determe tre position that the ray will intersect the FERJht raysthat
are converging or diverginghile entering the lens will focuswvay from the focal plan@igure
1.2de).

Finally, most lens surfaces are ground to spherical shapes doasiderations relating
to ease of manufacturing and so are radially symmetric about the optical axis. In this case, the
nei ght o of a ray can be replaced by the radia
However, in future sections, we will st light sheet microscopes (and by extension, SCAPE)
use cylindrical lenses which may only be curved along a singl€rgisre 1.2f). As a result,
light is only focused along this particular axis and optical systems containchgadially
asymmetric elements must be thought of indepenglafidhg each of these axes.

An important consideration in optical system design is collection efficiency. Let us
assume a simple point emitter, like a fluorophore, placed along the opigal #he focal plane
of a leng(Figure 1.29). The emitter is radiating light in a spherical wave outward in all
directions. Because of the |l ensdé finite apert

limited conicalrange of these anglesTt he maxi mum angul ar range dete
12



collection efficiencyandwhen describing microscope objectivelensesi s descr i bed by
numerical aperture (NA):
00 ¢£i Qe
Here, n is the immersion medium of the subsgabetween the sample and lens-a#slthe %2
angle of the cone collected by the lens. As the aperture diameter (D) increases and the focal
length (f) decreases, the lens is able to collect larger cone afgteker way to describe light

collection effciency is through th&-number (F/#pr fAspeedo

° ¢ Zime pu
G o° O P
The F/# is more commonly used to describe lenses used in photography or machine vision

applicationsThe radial fluxof the sysemis inversely proportional to the sgre of the F/#

"0 & oa@p—n T b
If we were toconsidertwo microscope objective lenses with two different numerical apertures
(NA1=0.75and NA = 00.5), the first objective lens would ha2e25« the light collection
efficiency of he secondY @0 Qérzn v j T2 T cg& v

Resolution

Numerical aperture is an important consideration whiscussing | ens 6 r esol ut i
While thus far, we have focused properties of lenses that allow us to treat light like pencil
beamsor rays, light can also be treated as a wiawghich the pencil beanare defined athe
vectors of light propagation normal to the g Watvefrants A planar wave travelinglong the
z-direction would contain periodic, flat wavefrortsd we can draw mumber of rays indicating

the direction of light traveDue to diffractiona planar wavepassinghrough a circular aperture

13



such as a lensill converge onto the focal plaraad different points on the wavefront will

constructively and destructively exfere with one another. The resulting electric field creates an
intensity distributiomear the focal plane known as the 3D paipteadfunction. The cross

section of the pait spread functiondt h e | e n s Gsdéscribed by aipcllaalynsgmmetic

first order Bessel functiowhich contains a large central lobe, followed by dalees organized

in concentric rings around the primary side lobee distance fromthelebé s peak t o i t's

minima is defined athe inplane or lateral resolutiomtiit as specified by the Rayleigh criterion:

i — A==

T &S ™ RFE:
Theminimum resolvable distandeetween two points situated on the optical axis, or xie a
resolution, is defined as:

C_ ¢ C_ ¢
00 teOEF

Note here that in comparison to camera or photography systems in which resolution is specified
as the number of pixels on the camera (which would ideally be large), the resolwion of
microscopy system is the minimum resolvableatise between two point emitters (which

should be as small as possible). To improve resolutioa may eithelower the wavelength of

light used (though this places limits in terms of absorption, toxaeity scattering within tissue),
increase the refréige index of the immersion medium, or increase the angular collection range

of the lens.
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OpticalTrainsRelays

Optical systems consist of multidkenses following one another in order to relay an
image d the sample to the sensweith some degree of madication. There are three types of

magnification: lateral, angular and axial.

a. f f f fy b. fy f f, f)
| — | — | — | —
do. L 3 S : :
A —— |
Object Pupil Image Object Pupil Image
‘ ; ¢ ‘ Telescope 1 Telescope 2
1 1 2 2
c —_— —_— d
potential
Zy z Object aperture

Conjugate
Image
Object Pupil Image potential
aperture

Figure 1.3: Fundamentals afptical trains

a. 2-lens telescope mapping2aobjecs from one plane to anothavith a lateralmagnification between thelm Telescope
mapping an object from object space to image space with an angular magnification betweernT#lestope mapping 2 objects
laying alongthe optical axis onto 2 locations surrounding the image with an axial maapivind. Optical relay consisting of 2
telescopes mapping an object onto a conjugate image before mapping it to the imagklatgimal ray is shown in red and
chief ray is sbwn inblue.

Considerthebasic telescope consisting of two lenses&hd L2), with different focal
lengths (f and ) and angular collectiooone angle$# 1 andd 2) where all parts of the imaging
system are in airThere are two objects resting on the focal planeidhat are mapped the
focal plane of k where we find a camera sengbigure 1.3a). The distance between thoseot
objects is dwhereas the distance betweenithagesof the two objects isidThe lateral
magnification of a system is defined as the ratio between these two distances and in this
configuration, is equalent to the ratio between the two focal lengths

Q "Q

° a
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The lateral magnificatiors inversely related to the angular magnificatibigure 1.3b):
5 - 2 9
— Q
This relatonshipalso provides a mathematical description ashyg it is not possible to simply
increase youmagnification in order to increase the resolution (i.e. NA) of your system. As the
lateral magnification of your system increases, the numerical apeftime aone of light
responsible for creating the final image decreases. In order to increase resolution, one must
increase the actual frequency content of light collected by system.
Finally, consider two objects lyingf varying distancefsom the focalplane of L along
the optical axigFigure 1.3c). The telescope will map them to positions aldmgdptical axis
surrounding the focal plane ot.Uf the distance between the paing d and the distance

between themageof thetwo points is d then the axial magnification will be the ratio of these

two distances:
0 — 0 2
, 0
Note thatin comparison to lateral magnification, axial magnification is-inoear. If we link
together a series of telescopes (as we soon will with SCAPE)carmultiply theirindividual
lateral magnificationso determine the ovetahagnification of the systeifMwta = Mi1M2).
In addition to the front and back focal plané®re are a number of important surfaces
and raydo that are usefulvhen designing optical systaifseeFigure 1.3d) These surfaces are
1. Conjugate image planes:These planes are all of the locations that an optical system will
create an image of the objethe sensor will always be an image plane but nuogotical

systems willutilize lens relays with othgi ¢ o n j umgge planebetween the object and

sensor
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2. Field stop position: This stop is the element within the optitain thatlimits the
syst emb6s fInhghniagndidation systems, the camera sedssize déermines the
maximum field of view over which it is possible to collect informationl acts as the dacto
field stop Alternatively, SCAPE microscopy also uspBysical apertures placatl conjugate
image planes for alignment, testingimaging purpose
3. Entrance and exit pupil planes:These planes describe they s t e m@atherihgi g h t
ability and are imagesf an aperture stop as viewed from the entrance opestof the system.
Apertures throughout each telescope can make their contributiofitingl¢he entrance and
exit pupil planes. Ifrigure 1.3d, note how the aperture in th&tgélescopelefines the size of the
systemds pupi |l wh e'ttedescope plyso rotet s possible ® getan t he 2
intutivesense of the shape daefocusedandssurcplumidroscody,y 1 mag.i
pupils tend to be circular so point ebjs look like circles. In photography, polygonal apertures
are used which define the s hadoeexanples)Ehtance upi I
and exit pupil boundaries in SCAPE are actually a combination of a number of apertures stops
found wihin the system acting in tandem, so the utilized pupil will not be circular.
4, Marginal Ray: The marginal ray passes through theteeof the object or field of view
and intersects the edgéthe system pupil
5. Chief Ray: The chief ray is a ray thatavek fromthe centeraf he sy st embs pr i r
aperture stopo the furthest off axis point within the object or image.

When describig an optical system, it is useful to start within a paraxial approximation of
thesystemt i | i zi ng At hiimwhicheach léns id @esctibedly byets fecal s |,

length and pupil diameter.
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Aberrationsand Issues

When moving fronthin lens appximations to using real lensesintrol ofaberrations will play
a critical role in system performandeéhe key lens aberrations discussed are chromatic

aberration, spherical aberration, cqrastigmatism and field curvature

a. chromatic aberration b. spherical aberration c. coma d. field curvature
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Figure 1.4: Common lens aberrations

a. Chromatic aberrations (colors represent different wavelengths of Imi8pherical aberration (colors represent distance
of ray from optical axisg. Coma (colors represent désice of ray fom optical axisy. Field curvature (colors represent off
axis pointske. Astigmatism (colors represent rays propagating along different planes) in which rays focus at the focal ¢
the tangential plane but not along the sagittal plénéignetting dugo un-even light losses over the field of view

Chromatic aberration arises from the fact that the refractive indices of various glasses
used in the manufacturing of lexsvary as a function of wavelength. As a resalgjiven lens
will have differenteffective focal lengths for differentavelengths of lighfFigure 1.4a).
Achromatic lensg are a compound design tleatnbinetwo separate lens@sade of flint glass
(high refractive index and dispersion) and crown glass (low refesictdex, low dispersion) in
order to bring two different wavelengths to a common fodpschromatic lenses @amore
expensive, but are designed to bring three wavelengths to a commorMostsf the lenses
used in SCAPE and other benchtop microseasg) are achromatic lense& system with poorly
corrected chromatic aberrations will only be able to genenatepeerly focused poirgpread
function over a narrow band of wavelengthsd wil therefore have a blurrier polychromatic

point spread functim. Singlephoton fluorescence microscopes can use excitation wavelengths as
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low as 405 nm and collect fluorescerto 680 nm and must therefore be corrected over the
entire visible range.

Spherical aberrations arigéen rays passing close to the opteabk (paraxial rays)
through the lens focus at a different focal plane than rays passing further from theaic
(marginal rays)Figure 1.4b). Lenses in which marginal rays focus closer to the lens surface
than paraxial rayare said to have positive spherical aberratioreres lenses in which
marginal rays focus farther than paraxial rays have negative spherical abefiatien.
aberrations arise primarily on lenses with high numerical apertures (i.e. high lens cuteatures
achieve short focal lengths and large entrgngel diameters)The effect of spherical aberration
is to decrease the axial resolution of a sydtgraxially elongating its point spread functiand
deteriorate irplane contrast.

Coma is a phenomen@nalogous to spherical aberrat@msing at poits within the
image that do not lie along the optical axisa systemit occurs when rays passing through
different portions othe lens pupil intersect the image plane at different transverse heights
(Figure 1.4c).

Field curvature occurs when collimated rays entering a lens at different angles do
not focus at the same distance from the | ens
(Figure 1.4d). Theeffect of such an aberration will be a steady decrease in image contrast from
the center to the edges of the image. Alternatively, adjusting the system in ordeeg tihdr
edges of the image into focus will blur the center of the image, creating & bagtdocus.

Astigmatism occurs when an optical system is radially asymmetric and contains multiple
focal lengths along each transverse @ikigure 1.4e). As a result, lighfocusing along for

examplei the horizontal dimensiowill not focus to the same plane as light focusing along the
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vertical dimensionrequiring the user tohoose a plane of best foci$e effect of this
aberration on an image will therefore be a loss of contrast along one dimension.

Finally, in additionto the lens aberrations just described, optical systems magudfeo
from a phenomenon known as vaiting, which describes a steady decrease in image intensity
from the center tthe edge of the imag€&igure 1.4f). Such a phesmenonarises whemperture
stops within the system are positioned so as to occlude light rays generated from points at the
image periphery than those generated at the image cenfieorescence systems, this
phenomenon can arise through uneven illutmmapatternglight exciting fluorescencat the
periphery is of lower intensity than light generating florescence in the center) or through uneven
detection throughput (equivalent amounts of fluorescence genatateabeperiphery and
center result iifferent signal lgelsat the detector)The location of pupils within the system

plays an important role in determining the degree of vignetting experienced.

Objectivelenses

Microscope objective lenses ar@mplex, multilens assemblies designed toyde a
high levelof aberration correction over a given field of view. Because of the considerable
amount of work involved in their design, the internal lens prescriptions of these lenses are kept
secretFor a given lens, manufacturers typically providemagnification,numerical aperture,
working distance, required immersion mediandfield number They also contaia shortcode
describing the types of aberraticorrectedoy t he design (eg: APl ano
field curvpoar eef eecotior fdr chfodkaticabarration€handler and
Robeson 2009)

The sanple lies at the front focal plane of an objective lens. Most microscope objective

r

€

lenses used for confocal ormgitih ot on mi cr oscopy eateddi whi ciht y s
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objectsat the front focal plane produces collimatedsrayiting the objetive lens.The back

focal plane of infinity corrected objective lenseslamated within the objective lens itself.
Because light exiting the objective does not focus at an image plane, infinity corrected lenses
must befocused onto aensor with a tubeshs. The magnification specified on the objective lens
is actually the ratio between the tudoed objectivd e n s 6 f s (& and £ réspentigety)h

L Q
0 5

Objective lens manufacturers generally design objective lenses for tube lens of a standard focal
length.Nikon, Mitutoyo, Thorlabs and Leica objective lenses are designed for tube lengths with
a focal length of 200 mm. A 20x Nikon @gjtive lens will therfore have a focal length of
200/ 20 = 10 mm. I n comparison, Zeissob6 tube |e
tube lenses have a focal length of 180 mm. (Note tleaetlialuespply to microscope
objectives. Objectives digmed for widefield or dissection scopes may have different tube
lengths).The back pupil diameter (BPD) of an objective lens is given by:
600 ¢z0 062 Q ¢gzezi Q&27Q

Furthermore, certain lens manufacturers such as Leica and Zeiss perform aberration
correctionsoutsice of theprimary objective lenses, in conjunction with other optical components
within the lens relay. Lensé&om these manufacturers will be more difficult to substitute

directly into and out of mexistingdesign.

Fluorescence Microscopes

Theoptical layout of fluorescent microscopes can be separated into detection and
excitation subystens. The role of the esitation subsystem is fatroducelight emitting the

appropriate wavelength to the sample. The role of the detection subsystearllisctathe
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generated fluorescence and map it to a detd8tmause fluorescence emission is isotraie
excitation ad detection subsystems may share optical components between them or be entirely
de-coupled. This is in contrast fofor examplei phasecontrast or darkfield imaging systems in
which the illumination and detection optics mashieve Khler illumination n order to achieve

the best performand€handler and Roberson 2009)

Widefield fluorescencenicroscopes buldluminate the entire sample anthap
fluorescencdack to the detector. These systemslasgsor LEDswhich generate broadband
excitationspectrumusing interchangeadtlichroic/excitation/emission filters sisambiguate
signals fromspecific fluorophoredJnfortunately, while conventional wieleld microscopes
can achieve resolutions on the order of-300 nm, they do not intrinsically provide optical
sectioningi i.e. the ability to discriminate features ateodepth plane from another. As a result,
they are primarily suited to imaging flat, théamples such as cells in culture or slide
preparations. Thick samples imaged under widefield microscopes need to be fixed and sectioned
into thin slices, which precties attempts at imaging these tissues behaving organisms.
Computationdy intensivetechiquessuch as deconvolution microscogigempt to provide
depth sectioning in widefield imagby inferring the point spread function of the optical system
and algoribmically reconstructing a 3D volume.

Existing approaches to functional, volumetric im@g
TheGold Sandard

The most commonly used techniques for imaging fluorescence in thick biological
samples are laser scanning confenalroscopy (LSCMandmulti-phaon microscopy{MPM).
These techniques use an objective lens to focus a lasemb@agiven wavelengtinto a

di ffraction | i mit e d Flsopescéncegeneratdddy thisdases ldeanf o c a |
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either via singlgophoton or multiphoton excitatin processes are then collected by the same
objective lens and relayed ontal@tector Because confocal microscopy relies on a single

photon absorption process, laser excitation generates fluorescence both above and below plane
being imaged. As a resuftuorescence must be-deanned onto a pohaetector. Optical

sectioning is achieveda a pinhole placed before the detector that occludes fluorescence

generated from above and below the focal planginhole with a smaller diametean improve

laterd resolution by up to a factor ¢fc as well as achieve better background rejectionyilt
alsosignificantly decrease the amount of SNR collected from the image.

In comparisonMPM relies on the simultaneous absorptiombleast twghotons by a
single fluorophore in order tyansitionan electrorfrom its ground to higheenergy stateMulti-
photon absorption evengseonly achieved at areas of high photon densitidsch are created
through a combination démporal compression usipglsed Iger sources with higheak
energies and low pulse @ths (~100150 fs), and higiNA lenses that are capableg#nerating
tight focuses at the | ensodo focal plane.

With both techniques, an image is formed by sequentially scanning that spot throughout
each jxel within the desired field of vieyPawley 1995) On standard commercially available
confocd and twephoton systemscanningof the beam thnagh the focal plane (i.e. the XY
plane) is achieved using two galvanometric mirrors that deflect an incoming laser beam along the
orthogonal axes. Trarating the focus of the beam along the thinthension (Z) is achieved
eitherby translatingthe objective lens through a range of deptith a piezeelectric motoyor
by translating the sample itself along this axis with a motorized.stage

Because the &®r beam needs to sequentially visit each voxeitefest, poinscanning

systems are bottlenecked by thaximum achievablspeed of individual components (e.g.
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galvo mirrors piezescannersstagesetc) and the amount of signal collected from the $amp

(Ji, Freeman et al. 201@&jor example, imaging a field of view 600 um x 500 pm X200 um at
modest ratef 10 volumes per seconalith an isotropic samplinglensity ofl umrequires a
sampling rate of 50000,000pixels/second. Twgphoton microscopy techniques use pulsed laser
sources that compress the photon density into an-1300s time period in ordeotachieve the
requisite high photowlensities. The standard repetition rate of these pulsed lasers is 80 MHz
(over 6 times slower than the required pixel rate). Even for confocal microscopy which does not
require pulsed laser sources, image scanning isrpggd via two orthogonaltgcanning galve
mirrors translating the beam along a fast and slow axes resgeciline faster scanner would
need to achieve a line rate of 500*200 = 100 kHz (close to an order of magnitude faster than
high-speed resonant scasrs available today) in order to achieve the imaging speeds high
lighted above. Scanning along the axial éivsion (2) is even further complicated by the need to
account for the inertia of moving heavy lenses or sample rigs. Finally, even if a technical
sdution to each of these imageanning bottlenecks is fourginglephoton excitation processes
are ultimatéy limited by the fluorescent lifetimes of available fluorophores (01D ns) the
exposure time of a scanner operating at a 500 MHz pixel rates@erezin and Achilefu

2010)

Parallelized lllumination Schemes

Over the past decade, a numbetechniques have emerged that alter the excitation
optics and scan patterns of conventional psaanning modalities in order to address this
limitation. Randorraccessattern scanning, for example, reduces the total number of voxels that
need to be acqued by the system by only imaging gselected regions of interest within the

sample(Grewe, Langer et al.0A0, Nadella, Ros et al. 201&Yhile this approach can permit
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sub-cellular imaging at kilohertz rates, it also relgéepriori information and is therefore
susceptible to motion a&facts in living samples. Furthermore, one may aitgss important
regiors of interest during preelection especially with the development of doackground
fluorescent calcium indicators such as GCaNIB&we, Langer et al. 2010, Chen, Wardill et al.
2013) Other methods create multiple foci in the sanfatson, Nikolenko et al. 2009y
temporally multiplex laser pulses to image from multiple brain regions simultan€Qingng,
Goncalves et al. 2011$uch multiplexng significantly increases the complexity of the imaging
system. Furthermore, minimum pixel dwell times of approximatehl®1us per pixel (1i0LO
MHZz) are required to achieve adequate SNR in mxgsérimentgJi, Freeman et al. 2016)
Single pointscanning techniques, therefore, are presently an untes@bten for highspeed
volumetric imaging of large vames of tissue.

In order to reach the rates needed for example' image calcium activity in neuronal
tissue (>510 Hz), optical imaging technologies have opted to sacrifice the high levels of
sedioning achieved by single poistanning methodologias order to excite larger areas of
tissue simultaneously. Spinning disk confocal microscopy, for example, simultaneously excites
thousands of points within the sample and images the generated fumesnto a higkpeed
camera. Here, the acquisition 8@rfor a single plane is dictated by the camera frame rate.
Similarly, line-scanning (or swegteld) confocal microscopes excite fluorescence over a line
within the focal plane instead of just at agde point, descanning the fluorescence onto adine
detector. The overall acquisition speed of adgmanning confocal microscope is dictated by the
sampling rate of the line detector. In both of these systems, 3D imaging is again achieved via
piezoscaming the objective lens. While these systems are capbpleviding diffraction

limited resolution in thin samples, they suffer from two main drawbacks when applied to
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volumetric imaging. The first is that cretak between multiple points decreasestast when
imaging deeper within scattering tissue. Bleeond is that these systems all excite fluorescence
above and below the focal plane, and rely on occluding apertures irtmbdigck unwanted
fluorescence. As a result, when acquiring a volume Nitlepth planes, each plane is
illuminated N times whilenly being imaged onc&emember that individual fluorescent
molecules only emit a finite number of photons before entering a permanent dark state. The
illumination paradigms of all confocal microgms (singlegpoint, spinning disk, linscanning)
needlesly waste this photon budget while risking damage to samples that are sensitive to high
levels of laser light (eg. C. Elegans embryos, Schmidtea mediterrane8geeftjillman, Voleti

et al. 2018¥or amore thorough discussion about the effects of scanning and illumination
strategies on sample photobleaching.

Certain multiphoton techniques use axially extended beams to simultaneously image
multiple depths at ondg.u, Sun et al. 2017r use stereoscopic illumination strategies in order
to infer depth information from 2D projections of the san{Sleng, Charles et al. 2017)
However, like random access pattern scanapgroaches, these techniques assume that the
sample has a degree of sparsitypaging of 3D activity along biological structgréhat exist

along a continuum itherefore going to be challenging for these techniques.

Singlehot VolumetricimagingTechngues

The examples discussed previously have used increasingly faster scannerdeir beam
parallelization in order to improve imag speedIn contrastsingleshot volumetric imaging
techniqueslluminate the entire sample aneconstrucan entire volumef data from a single
camera frameAs a result, the volumetric acquisition speed is equivalent to the camera frame

rate, and isiot reliant on the inertial limitations of mechanical scanrargrinciple, this is
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accomplishedby introducing some opticalementinto the system that alters spatial intensity
di stribution of | ight on the withinthesampleas a f unc
For example,ight field microscopyplaces a lenslet arrdpetween the camera sensor and
tube lens in ordeto acqure an extra dimension of information about the san{Blexton,
Grosenick et al. 2013, Prevedel, Yoon et al. 2014, Cong, Wang et al. Aliétpas
conventional imaging systems only relay spatial infaroma(i.e.where a feature is within the
field of view), the lenslet array serves to project a mixture of spatiahagdlarinformation on
the camera (i.evherea feature is within the sample and theectionthat the light takes when
exiting the sam@ and impingingipon the sensor). However, it is important to note that the
volume must be reconstructed from the raw data via computationtdlysive algorithrawhich
can take hours to days in order to run. For example, the most recent implementation of
modified light-field microscope byCong, Wang et al. 2017¢quired 4 minutes to reconsttia
single 3D volume using a custom deconvolution algorithm with @BtélerationThe
resolution achieved by this retstruction is also dependent on the algorithms and structures
being imagedThese reconstruction algorithms and the resolution of egisimera sensors are
the key bottlenecks tsuchlight-field techniques.
LightSheet Microscopy
The first demonstratioof light sheebased illumination strategi®gsby Siedentopf and
Zigmondywho develop the techniquemed Ultramicroscopp analyzenanoparticlesn glass
and later, incolloidal solutiongSiedenbpf and Zsigmondy 1902These particles did not
absorb significant quantities of light and were only capable of being inthigedyh darkfield

microscopy. By imaging theat an angle orthogon#d the direction of illumination, ibecame
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possible taedue the amount of ureflected illumination contributing to the image and
visualize the particles with high levels of contrast.

Thede-coupling of the excitation and detection subsystems introduced by the
ultramicroscopealid not make its way into biologiteesearch untithe increased adoption of
fluorescent indicat or qVoie,Burrsbktal. 1893, rHuLisken1SWvEyOrod s
et al. 2004)Conventional light sheet fluorescence microscopes (LSFMs)starf two
orthogonally aligned optical trains: one which generates a sheet of laser light within the sample,
and another which images fluorescegeeerated by this sheet onto a detector using a well
corrected microscope objectivBecause fluorescence only generated at the focal plane of the
objective lens, light sheet illuminatiesinherentlydepthsectioning A 3D volume is then
formed by plysically translatingr rotatingthe sample through the -@igned light sheet, or by
translating the she#trough the sample and tracking its motion with the detection teleskspe.

a result of this volume acquisition strategy, biological tissue caméged in toto without an
implicit need for sample sparsity.

By parallelizing the acquisition of every pixgithin a single plane, shebtased
illumination strategies can achieve pixates that are orders of magnitude higher than point
scanning methodotpes over the same fields of view while usexposure times that are orders
of magnitude longer than conw@mnal pointscanning techniques-{00 ms vs 410 us). Lower
laser irradiance densities can therefore be used to illuminate the samplkesak,dight sheet
microscopes can not only image the sample at higher frame rates thascpoiming
methodologes with nearly equivalent SNR, but also subject delicate samples to lower levels of

photobleaching and phototoxicifiillman, Voleti et al. 2018)

28

an



However, the orthogonality requirement of conventional LSFMs means that sample
geometries are highly restriei, often requiring embedding or specialized sample mounting
procedures to enable proper illumination, immersion and repositioning of théeeg&cipmied
and Tomancak 2016As a result, early implementations aftit-sheet microscopy have either
focused on imaging small, cylindrical samples that can be embedded in agarose, or large
volumes of cleared tissue thrdug/hich laser excitation cadeeplypenetrate. Examples of such
implementations are shown igure 1.5. Switching between different samples or expental
preparations in these systems would require one to use completely different light sheet systems.
Furthermore, 3D imaging in many of these systems involved makiensample through a
stationary light sheet requiring seconds to minutes in order toracgsingle volume.

Functional imagingvith early lightsheet microscopdecused on longerm developmental
imaging or restricted higispeed functional experimento single plane acquisitiofidolekamp,
Turaga et al. 2008, Keller, Schmidt et al. 2008, Tomer, Khairy et al. 20lbi§ recensystems
translate the sheet through a stationary sample using-gedwvming and &ick the motion of the
sheet by piezscanning the detection objectiveh&ving volume rates on the order e Hz,
howevereventhese systems are ultimatditypited by the inertia of large, heavy objective lenses

(Ahrens, Orger et al. 2013, Lemon, Pulver et al. 2015)
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Figure 1.5: Different variants of light sheet microscope geometries

Thesesystemsiccommodate a number of different sample geometries. Blue aepresent incoming laser excitation
(conventionally ~488 nm to excite Gibased fluorophores) and green arrows represent collected fluorescence. Figure
adapted from{Huisken and Stainier 2009)

There exist a wide range of applicatiohatcould benefit from the low phototoxicity and
high throughpubf light-sheet imagingunderstanding the influence of cellular processes on
organ/organisrwide behavior requires increasingly sophisticated experimental setups. For
example, aditional equpmentsuch as cameras can monimimal position, health and
reactions testimuli in realtime; a number of research groups have made a great deal of progress
in this direction in recent yeafRobie, Seagraves et al. 2017, Thouvenin ayd®\2017) As
thescope and complexity of thesgperimentsteadily increase to involve not ontyonitoring
biologicalsystems but the real time manipulation of the saimenaging systems need to be
capable of sharinthearea surrounding the samp¥gh other instrumentation such as electrodes,

VR rigs, stimuli, behavioral tasks and moHawever, nany of the systems shownkigure 1.5
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would be unable to image something as common@a@piece of tissueestingon a
microscope slide

Microscopytechniquesuch as poirscanning or brightield microscopyperform all of
their imaging through a single objective Ieaad in so doingfford the experimentalist a great
deal more flexibility in this regar®ver thepastdecadea small subfamily of imaging
techniques has fored which utilizdight sheet illuminatiorstrategies while both illuminating
and imaging the sampthrough the ame objective lens$ have attached a review of these
techniguest the end of this thesis (s@ppendix H catalogng the members of this family, their
general desigprinciples and the applications they have thus far addreSS&PE is one

among that family
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Chapter 2 Developmenbf Swept
Confocally Aligned Planar Excitation
Microscopy

During my graduate work, | develop&CAPE microscopyn several stages iterating
over at least 6 separgihysicalsystemsonstructed ovea 5-yearperiod The work presented
within this chapter describeise lifetime of thatdevelopmentl take the reader through major
optical engineeringrad system paraeter questions that weegldressed between the first
generation of SCAPE (SCAPE1) to the second (SCARER)h allowedthe latter to become a
workhorse system within our lab. Some exampldgbkeérzebrafish brain, drosophila and mouse
brainresulting from his work are presented.

First Generation SCAPE Microscopy (SCAPEL.0)

Swept, confocalbaligned planar excitation microscopy is a hggeed fluorescence imaging
technigue capable of acquiringddnensional images of large fields of view 5D.1 mm) at
rates exceeding 20 volumes/second. By inserting a beam of laser lighi®firio the back
aperture of a higiNA objective lens, an angled sheet of laser excitation is produced within the
sample. Fluorescence generated by this sheet withisample is #n collected by the same
objective lens and then relayed onto a conjugate image plane, which is then imaged onto
camera chipSCAPE mergethe excitation and detection pathways of the system through a
single objective lengrovidingthe kenefits of sheebased illumination strategies discussed in
the previous section while maintaining emfaceimaginggeometry similar to confocal or two
photon microscopy. This innovation addregbesaccess problem faced by most ligieet
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Figure 2.1: Explanation of SCAPE1

a. Scanning a laser beam off facets of a polygonal mirror scans the beam within the sample. An adjacent facet of t
de-scans fluorescence onto a conjugate image plaraill system schematic of SCAPE1 consisting of three telescope
The scan telescope (scan lens, tube lens, objective lens) and detection telescope (detection lens 1, 2 and rotation
together to crate a conjugate image of the light sheet within trae. An obliquely aligned camera telescope maps i
conjugate image plane onto a camera serms@left) Close up of the imaging geometry defining the axis of the coordir
space. Thewyxistraveld at er al | y al ong t h-axistrageis glong theopfopagation diredtian efthe
sheet , -axisithe axiealorgdvhich the sheet sweeps through the sample (Right) Orientation between the
sheet shown in blue and the conelefection shown in green defines the overall pginead function of the system.

microscopes and provides a workspace surrounding the primary objective lens that allows for far
more versatile experimental design.

In its initial implementation, volumet imaging on SCAPE1 was achieved by bi
directionally scanning laser light off of one facet of adided polygonal mirror, which in turn
swept the angled light sheet through the saniBleuchard, Voleti et al. 2015lFluorescence
generated by the sheet traveled back through the same optical path and wastaemele df
of theadjacent facedf the polygonal mirro(Figure 2.1). Because the same polygonal mirror
both scanned excitation and-seanned the generated fluorescence, any fluorescent intermediate
image planes generated after the polaonirror would be stationaryn SCAPEL, the scan
telescope (scan lens, tube lensgabye lens) and detection telescope (detection lens 1, 2 and

rotationlenshad i denti cal magni fications. The scan |
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50 mm facal length achromatic lenseBhprlabs, AC25450-A), while the tube lens and

detecton ens 2 were 2006 di ameter , 1TodlabsmmACS080c al | e
100-A). The objective lens and relay lens were an Olympus 20x/1.0NA water immersion and
Olympus 20x/0.75NA dry lens respectivefy conjugate image of thengled light sheewvas

then mapped using an obliquely aligned camera consistgninimumi of an objective lens

(Olympus 10x/0.30NA) and tube lenBhprlabs, AC25475A) ontothe camea (Figure 2.1b).

By synchronizing the acquisition of the camera to the polygonalr r or 6 s mot i on,
sequential frames capture planes in an obliqguedmension (se€igure 2.1c for the imaging
geometry). Reanstruction of a fully depthesolved volume ischieved simply byeshaping the
sequence of frames collected in the proper oBlecause fransare acquired both on the
forward and backwards sweep of the scanner, the volume rate of the system ismdoivale
twice the linerate of the scannelf the galvo scans at 10 Hz, the volume rate of the syst&é is
volumes/sec.

SCAPEL usedthe Andor Zyla 5.5a highspeed, higksensitivity scientific CMOS
(sCMOS) camera for its acquisitions. The sheet dimerikatrencodes depth into the sample
(2) corresponds to rows on the camera while the length of the sheet (Y) corresponds to columns.
Commercially available sCMO&merasachieve their high frameates via a rolling shutter
coupl ed wit h-oaurexpésare. 8Vhat taigpmeans ia that each frame acquisition
begins by exposing the rows in the center of the camera chip, followéeé bgvts adjacent and
so on until the outemost rows have finished exposing. Acquiring fewer rows or depths on the
camera bows one to acquire at higher frame rafBiserefore, the camera frameeaathe field of
view over which the polygonal mirror scaausd the sampling density along that field of view

determine the achievable volumetric imaging speed of the system:
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Second Generation SCAPE Microscopy (SCAPE?2)
The first generation SCAPE system publishedByuchard, Voleti et al. 2015erved as

a proofof-principle for the potential applications of ligblheet based illumination strategies to
imaging challenges facing the neurosceenommunity. Its efiace geometry allowed access to a
wider variety of samples of samples than conventional light sheebsubpes, while the
confocal scanninglescanning paradigm elegantly addressed bogibks in volumetric imaging
speed faced by systes reliant on piezgcanningor sample translation.

However,a number of key issues needed to be addressed in order ®QAPE into a
workhorsesystem for daily use within the lab

1. Optimize the scanning and-deanningrolume acquisitioparadigm foISCAPE

2. Improvethelight sheet parameters within the sample

3. Improve system uniformity over the field of view

4. Improwe light collection efficiency

5. Creat metrics for system characterization

6. Creat a formalized alignment protocol

In this chapter, | will describe my work in addressing each of these ssdpsesenthe

resulting systems. Note that this work actually sparihedonstruction ofwo separateesgns
systems| will use the term SCAE2 when referring to them collectively, SCAPE2a when

referring to the first system and SCAPEZ2b when referring to the secand advancesystem.
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VolumeAcquisitionvia ConfocalScaming/Descanning

One of thekeyideas driving SCAPE microscopys that caonfocal scanning and de
scanningcan be extended beyond simple pdigtpoint imaging Previous implementations of
confocal scanning and g&anning paradignbat image aredarger ttan a single point at a
time do exist butareregardless invested in fluorescence generated at the focal plane of the
primaryobjective lens. For exampleoth sweptfield confocal microscopy or confocal theta
line-scanning microscopgxcite and scaa line of fluorescence across the objective riosad
plane subsequentlge-scanning theresultanfluorescence onto a lindetector(Dwyer,

DiMarzio et al. 2006, Dwyer, DiMarzio et al. 200Laminar optical tomogghy excites and
scansa pointof laser excitatioracross thé e riosabplaneand descans a linear field of view
surrounding that point onto a linear or planar detedtois linear/planar detection provides
information about diffuse backscattering asorption events within tissue that then facilitates
reconstruction of structures across a range of depths into the gaifipbean, Boas et al. 2004,
Burgess, Bouchard et al. 2008)

However in order to truly beefit from lightsheet illumination strategieSCAPE
needed taollect fluorescence froplanes above and below the focal pleaewell as the focal
plane of the lens itselThe design for the scaangine of SCAPE1.0 was modeled closely on that
of line-scanning, confocetheta microscopyDwyer, DiMarzioet al. 2006, Dwyer, DiMarzio et
al. 2007, Bouchard 2014hlere, one facet of a polygonal mirror surface is used to scan the
excitation laser beam through the gdenwhile an adjacent facet-deans the fluorescence

generated by the sample onto a statiy conjugate image plane. As a reshk, reflective

surface dichotlie onscanned s a x i s Qnlyafracbdn@at i ome pr i mary obj ec
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back pupilwas utilizedfor imagingandtwo separate fractions of the back pupil were utilized for
exdtation and detection respectively.
Scanning with &lygonalMirror

| createdwo systemmodek of SCAPEL.Wsing OptalixPRO, an optical design
software,in orderto validate whether the polygdrased scan engine was capable of scanning
and descanninga sheet that spanned an extendegainge within the samplé&lote that this initial
validation occurred on models describing SCAPE1.0 and the results were publigiesd i
supplementary methods Bouchard, Voleti et al. 2015 hetwo models described the
systembs excitati on Bshdedithepblyyonaliscammand scanhs r espe
telescope (i.e. the primary scan (S1), tube (T1) and objective (O1) Idfigesg 2.2a,d
combine theexcitation and detectiomodels into a joint schematic.

Theexcitation path consistiof a 488/532/635 nm laser passing throughpag
cylindrical lens telescope (CL1, CL2 and CL3), reflecting off of theHeaftd facet of the
polygonal mirror, entering the scan telescope and passing through the primary®gest
(O1) into the samplélhe polygonal mirror was rotated through a range of angles about its axis
of rotation to simulate scanning the laser beam through the sample. The excitation model
outputted raytracing information containing the lateral pasit, x, of the laser at thebgective
l ensd focal p | ©,foetheaentdal ray wigh: the sampie lateeach of the
polygonal anglesfi. Figure 2.2b shovs the central ray of the laser beam scanning over a 5 mm
range in x. The angle of sheetdepicted through color. The focal plane of the objective lens
rests at z = 0 mm and the optical axis of the scan telescope lies at x = 0 mm.

The detection path metkd fluorescence emitted from a point source within the sample

traveling back through thean telescope (S1, T1 and O1), reflecting off of the opposing facet of
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the polygonal mirror, entering the detection telescope (consisting of secondary scarbés1), tu
(T2) and objective (02) lenses) and creating a conjugate image of the emitter neealthife
of the secondary objective lens (02). The fluorescence was modeled using the same laser lines in
the excitation path, which broadly sampled the emisgiectsa of green and red fluorophores
and the location of the conjugate image was deterniigedinimizing the spot size of the point
emitter.

The distance between S1 and T1, S2 and T2, and CL1 and CL2 were set to the sum of the
focal lengths of each lens pair. If the resting position of the polygonal mirror exisfed Gg
then the scan telescope was positioned such that its optical axis lay directly on the line
connecting the scanner6s rotational center to
and detection telescopes were positioned such that theypegendicular to the polygonal
mi rror 6s f ac e tsiledpdlyboaahmirwos then3gelescoptsZare oriented 30 degrees

from one another.
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Figure 2.2: Scanning and dscanning with a plygond mirror in SCAPE1.0.
The excitation pathway consisting of a lowmerical aperture laser beam is shown in blue while the detection pathway is sh
in reda. Layout of optical pathway containing the ideal or thin lenses used in SCABRESiMulation othe san patternrmade
by the light sheet within the samplePoints remapped from the light sheet shown in (b) into the conjugate image space
referenced in (ajl-f. The same model as shown ircfaexcept that the thin lenses are replaced with the aciospeified in
Appendix EFigure is adapted fronfBouchard, \dleti et al. 2015)
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The excitation and detectionoalels were coupled together using a custom nsacro
writtenin OptalixPRO and Matlab. The excitation model iterabedr a range gbolygonal
rotation anglessi, andextracedthe position, ¥ of the sheet at each of these angles at various
depths, g within the sample spanning-5§00 um around the focal plaoéthe objective lens
The grey dots ifrigure 2.2b correspond to equidistapbints along the extent of the sheet
whereas the red dots correspond to tidane at which th sheet achieved its best focus for a
particular polygon position. The set of locationsand z, and their caesponding polygon
anglesdi, were fed into the detection moaeld corresponding positions of best focus found
within the conjugate image spadde rotation of these angles within the excitation model, and
subsequent usage of the same angles within the detection model istioe peapiivalent
simulating confocal scanning and-sieanning with SCAPE.Figure 2.2c showsto the
remapped positions of all points and z, into the conjugate image space. As can be seen, the
| at e r apbsitiansof thie slEet at any polygonal rotation andhown inFigure 2.2b) are all
mapped to the same lateral position within the conjugate image Jpaseemappingis valid
over the full range of depths investigated, proving that confmaahing and descanning is
achieved a) over complete volumes, b) using a polygonal scanner, and c) while the excitation and
detection paths wutilize different fractions

| repeated this modeling replacing the thin lersdesan in Figure 2.2a with the real
achromatic lenses used to construct the SCAPE1.0 syst{@uounhard, Voleti et al. 20}5The
lenses used for this system are foundppendix E The primary objective lens was an Olympus
XLUMPIlanFI N 20x/1.0NA with a working distance of 2 mm and a back focal diameter of 18
mm (Kasahara 2002Y he scan telescope was set to a magnification of R .relative locations

of the polygonal mirrorand cylindrical lens telescopeasadjusted in order to position the laser
40



beamat he edge of the pr i marThedetbciiom telescopeewas ens 6 b a
replicated to match the scan telescope exathgdistance between each of the scan lenses (S1,

S2) and the objectivehses (01, O2) were adjusted such that the polygainar scanned onto

the back aperture of the objective lens using the following equ@tgan, Nishimura et al.

2002)

Q 2 Q Q 2
0 0

In which ft and ¢ were thefocal lengths of the scan (&) and tube (1, T2) lenses, dis the

distance from the scan lens to #@anning face of thgolygonal scanner, and @ the distance
between th tube lens and objective lens back apertdege it is assumed that the tdisce

between the scan and tube lenses is equal to the sum of their focal lengths. This equation
effectively maps the scanner onto the back focal plane of the objective lerss Bs seen in

Figure 2.2e, rotating the polygonal scanner still translates the sheet through the sample, with the
sheet angldJ steadily changing as a function of scan positionsBanning points along the

sheet as described previously also ltssn a relatively stationarge-scanned pland-{gure

2.2f). This model further validates that the confoa@rming and dscanning imaging paradigm

is valid over the conditions previously described, even when using real lenses.

However, there are a number of caveats that need to be addressed here. The finst is that
addition to sheet angle variationoverthe an r ange, the | ocsaitas on of t
indicated by the red dois Figure 2.2e T is farlessvariable when using thin lens@Sgure
2.2b). This is indicative of the presence of fieldeature within the scanning syste8econdly,
the remapping of scanned points into conjugate image space degrades as a function of distance

from the focal plane which is indicative ditortion within the optical systerkinally, the
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magnification of thean telescope from the polygon to the back aperture of the primary
objective lens was set to be 2x in order to translate a narrower angular rotation of the polygon
into a proportionBy larger scan range within the samp#es a result of this 2x magnifidah, the
back aperture of the Olympus 20x/1.0NA lens was mapping back onto the galvo mirror as a 9
mm pupil. Half of this pupil was lost to the polygonal facet facing the cylindecal
Moving from aolygon toPlanar Mirror

The move from polygonal soaing to planar mirror scanning was in large part motivated
by practical difficulties in system construction. SCAPE1.0 consisted ofaligieed optical
telescopes that radiated outwards from the rotational axis of tbeld@ polygonal scanner.
Eachofhese telescopes needed renterpfodtationandlbeeci sel vy
offset by 30 degrees from one another in order to kadigned to one another. Not only did this
significantly complicate the alignment of the system, but it unnecespéaded limitations on
the size of optomechanical compotseplaced closest to the scanresr example, the scan lens
and detection lens 1 Figure 2.2a could not be placed closer to theanneor be replaced with
20 06 d ileasesebecause they would collide with one anokhethermore, the usable height
of the polygonal mirrofacetwas only ~9.4 mm. As a result, theight of thed mmimage of the
primary objective | ensd6 back pulpeightofthemircoed t o
further complicatingsystem construction

I n order to simplify system design, SCAPE2
that of a standdrconfocal microscop@-igure 2.3a). The multifaceted polygonal mror was
replacedoy a single planafront-facing mirror with a 4 mm face This allowed he scan and
detectiontelescopes$o beoriented at 90 degrees from one another. The excitation and detection

paths were separated by a dichroic mirror, though veetenically also at 90 degrees from the
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other telescopes. This new orientation allowed for each telesadygedesigned independently

of the other two without needing to account for spatial limitations between optical components.

Figure 2.3: Scanning and dscanning with a planar mirror IsSCAPE2
a. Schematic of SCAPE2 builith galvo mirror and dichroic mirrobased on confocal microscopyTheoretical model of shee
being scanned in the object andab@nned in the conjugate image space, modeled with ORRIR

Furthermorethe polygonal mirrowas heavy and could only be scanned at a maximum
line rate of 100 Hzthough in practice this line rate was limited te2MHz. In comparison, the
planar miror could be easily be scanned at line rates upwards of 1 kHz, opening up the
possibility of perbrmingvolumetric imagingl0-100xfasterfaster tharSCAPEL.0.

The excitation and detection modeiOptalixPROwere recreated for the
orthogonallyaligned,planarmirror based geometry using thin lenses. Resuoltsirmed that
confocal scanning and deanningvould alsowork when using planar mirrofgigure 2.3b).
ImprovingScanUniformity

As can be seen iRigure 2.2e,the scan angle of the light sheet changes as a function of
its position within the sample. This is a major problem when trying to do quantaathgsisof
any kind as it implieshat thesampling density along the X directi@hanges over thfield of
view, and does so in a way that varies with the depth fleimgimaged.This can result in
erroneousesults when attempting to measure the distance between two saongesn distort

thesignal emitted by a continuous structures such agrides or cell bodies.
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