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ABSTRACT

CRYOIMAGING-MICROSCOPY IMPLEMENTATION FOR 3D OPTICIA
IMAGING

by
Mohammad MasoudiMotlagh

The University of Wisconsin-Milwaukee, 2014
Under the Supervision of Professor Mahsa Ranji

The structures and biochemistry properties of Igiglal tissues are mostly
affected by diseases. The visualization of organcgire and biochemistry helps in early
detection and progression monitoring of diseases.

Although, 2D imaging has traditionally been usedytin information from the
tissue, it does not accurately represent many ef dinuctures and functions. There
currently exists a need for sensitive and specifethods to show detailed information
about the structure of the tissue with high resotutind in 3D. The potential advantage
of the high resolution 3D images is the ability aocurately probe structural and
biochemical properties of the tissue.

Not only the changes in structure, but also thengha in temporal physiological
responses affected by oxidative stress (OS) atlaellevels. Thus, it would be valuable
to detect the cellular metabolic states, which pdakey role in understanding the
pathogenesis of the disease, and to develop inetmaro detect high resolution 3D

images of the tissue.



The objective of this research is to develop a s@&cgeneration fluorescence
optical imaging instrument to image the celluladae state in 3D, in control and diseases

conditions.

| have improved upon one of optical instrument|echcryoimager software and
hardware wise to enable higher resolution imagdss higher resolution imaging
resembles the microscopy capability in cryo temijpees for high resolution 3D imaging.
In conclusion, high resolution optical instrumeittatcombined with signal and
image processing tools provide quantitative phygjimial and structural information of

diseased tissue.
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Chapter 1

Introduction and Background



1 Introduction and Background

One of the fastest growing research areas in bineagng is biophotonics. As
the name implies, biophotonics is the study ofitiveraction between light and biological
tissue [2]. This interaction can be studied in tdifferent categories. One is the
properties of the tissue and the other is the absigat light can induce in a biological
sample after the interaction. A majority of theremt research in the biophotonics field is
about the properties of the tissue and thus tidsease diagnosis.

| develop cryo-microscopy imaging technique to nmmthe structures of the
tissue with diseases such as cardiopulmonary eguand diabetes as well as the

metabolic state of the tissue.

1.1 My Contributions

In this research, my goal was to increase reselutiocryoimaging to visualize
the structural changes in 3D due to the disease$, carrelate the results with the
metabolic changes in the tissue. To reach the miméoned plan, | contributed to
implementation of the microscopy capability of avide named cryoimager. The
cryoimager is an automatic image acquisition imagnt that sequentially slices the
frozen tissue and acquires fluorescent images df skce. The fluorescent images then
are analyzed and the metabolic changes of theetiasel quantified. The physiological

marker to show the changes in the metabolism isaindndrial redox ratio of the tissue.



The implementation includes the study and desigthefnew cryo-microscopy
setup by choosing, ordering and assembling theogpipte equipment and linking them
to the software | implemented, based on the linoitet and challenges existed. Three
main limitations which | overcame are taking maguifimages by still holding high
resolution images properties, eliminating the chabmaberration of the imaging lens
and compensating the limited field of view in highhagnified images. Picking an
appropriate lens based on our application, movirgg gosition of the lens by using a
linear translation micro-stage and raster scanamggthe solutions | figured out to the
aforementioned challenges. The new cryo-microscepiup completed by solving
problems such as non-homogeneity illumination, engnting a stitching software for a
convenient and rapid post-imaging processing atichately result validation by testing
the system on many scrap samples.

In my research, | studied the mitochondrial redasorin bronchopulmonary-
dysplasia (BPD) injury models in mice lungs. Brooghlmonary dysplasia is a chronic
lung condition that affects premature infants wheceive supplemental oxygen
(hyperoxia) or ventilator support for long periodk time. The results of this study
validated the performance of the cryoimaging tegheiin measuring the oxidative state
of the tissues. | also studied the structural ckang the tissue due to disease which
affects the mitochondrial redox state of the tissite the new cryo-microscopy setup. A
dominant vascular dysplasia (HHT-1 or Endoglinttury model was studied to reach
this goal. HHT-1 (Hereditary hemorrhagic telangisah) is a good model of a disease in

which the vasculature network of different orgassaifected. This disease is caused by



loss-of-function mutations in the human Endoglim@and results in excessive bleeding
and vascular malformation due to failure to recpetivascular supporting cells to the
newly forming blood vessels [51]. HHT-1 causes @rexf nose bleeds, telangiectases,

mucosa, and arteriovenous malformations in lungylikidney, and brain [51] [52].

1.2 Biology Background

1.2.1 Caedll Structure and the Mitochondrion

All biological organisms are made up of cells [Bdaone of the most important
factors in any biological system is cellular ant-sellular homeostasis.

Homeostasis is a state in which everything witie ¢ell is in equilibrium and
functioning properly. If the cell is not homeost&st is not healthy and will results in cell
death. Injuries and diseases within the tissueecatesgularities in the cell function.

Although, there are many cellular organelles resfiid@ for organism health,
mitochondrion plays the most important role. Mitonbria are often referred to as the
power plants of the cell since energy productidkesaplace in them.

The mitochondrion is responsible for many celldilanctions, including metabolic
processes [4], which are the chemical reactionsegszgy for sustaining life in a
biological organism [5]. A cell structure includinige mitochondria is shown in Figure

1.1[6).



Mitochondria

Figure 1.1: Cell structureincluding the mitochondria [6].

A form of cellular respiration that requires oxygengenerate energy is called
aerobic respiration. In this process, coenzymeseprtein the mitochondria are oxidized
and produce energy usable by cells [5] [7] [8]efdiore, the amount of energy that
supplied to the cell is highly dependent on the amboof oxygen present in the
mitochondria. The energy is termed ATP and the ntgj@f the energy is produced
through electron transport chain. Electron trantspleain is the cellular mechanisms used
for extracting energy from redox reactions suchrespiration [9]. A diagram of

mitochondrial electron transport chain is showfigure 1.2 [10].
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Figure 1.2: Electron transport chain diagram [10].

The electron transport chain comprises an enzyrsaties of electron donors and
acceptors. Each electron donor passes electranmtwre electronegative acceptor, which
in turn donates these electrons to another acceptos complex chemical reactions
located in the inner mitochondrial membrane andiged to create a proton gradient
across the membrane by pumping excess hydrogen imos the mitochondria's
"intermembrane space" [11]. In the electron transmhain, two proteins, NADH
(nicotinamide adenine dinucleotide) [12] and FAD{avin adenine dinucleotide) [13],

are oxidized through a series of protein compleresylting in a release of protons. The



protons are then pumped into the intermembraneespamg a portion of the energy
released and create a proton gradient. Finallygethmrotons escape the intermembrane
space through adenosine triphosphate (ATP) syntlddsasing the electric potential in
conjunction with adenosine diphosphate (ADP) andrganic phosphate. ATP is
considered as cell's basic unit of energy. A changee oxidation state of NADH and
FADH2 is an indicator of a change in tissue biogetcs [14]. Thus, we are interested in

detecting these two proteins in the chain.

1.2.2 Oxidation in the Mitochondria

As explained earlier, the amount of oxygen presem@ind around the cell is one
of the most important factors in regulating theaditondrial production [15] and it has
been shown that an irregularity in this amountxofgen leads to cell death [16].

The excess or shortage of oxygen available to ¢fis s called oxidative stress,
and shows a misbalance between the chemical cordpdhbat the body produces and the
body ability to consume it. These chemically reacttompounds contain oxygen and are
called reactive oxygen species (ROS). ROS have ritaporoles in cell signaling and
homeostasis. An excessive amount of reactive oxggenies can result in the production
of peroxides and free radicals, which may causead@nto all parts of a cell [17]. A
variety of diseases can change the balance of oxfiges into and around cells, and
cause improper function of the mitochondria, angstan increased rate of cell death, via
apoptosis or necrosis [18]. Figure 1.3 shows thochondrial dysfunction, and cell

death due to increasing oxidative stress [19].
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Figure 1.3: Impact of oxidative stress.

Mitochondrial dysfunction and cell death due tor@asing oxidative stress [19].

In many cases the amount of oxygen available tellacan accurately represent
the health of the cell and be used as a tool fagriisis. This is especially true in cases
related to mitochondrial dysfunction or diseasested to oxidative stress, such as
diabetes. In these cases, the oxidation state Xretdde), of the tissue is a sensitive and

reliable quantification for the cell behavior.



1.3 Fluorescence

1.3.1 Description of Fluorescence

Fluorescence is the emission of photons from atanbe that has absorbed
photons. In most cases the emitted light has aelomgvelength, and thus lower energy,
than the absorbed photons [20].

Molecules are usually in the ground state. Whenntodecule is exposed to a
source of energy such as a bright light sourcegir heat, it absorbs some of the energy
and goes to an excited energy state. The amowerterfyy required to excite the molecule
is large. Therefore, a light source is used forek@tation.

When the molecule at the excited energy state gaek to ground state, a small
portion of the energy is lost to lattice vibratiqm#or to the release of extra energy. In the
transition back to the ground state, there is abadity, termed the fluorescence
quantum yield. Fluorescence quantum yield is defias the ratio of the number of
photons emitted to the number of photons absorbeel maximum fluorescence quantum
yield is 1.0 (100%), which means every photon dbsdris emitted. If the photon
emission occurs, a photoelectric device can quatitéd amount of releasing energy. This
process can be seen in Figure 1.4 [24lonski diagram of fluorescence is another term

used to show the aforementioned process.



10

Excitation i
(Absorption) — Vibrational
- 3
107" Seconds 52 2 ..' ]-Energ',r States
Internal = s
Conversion 5

and
Vibrational 5
Relaxation 1
(10714 10" sec)

Fluorescence
(10°%- 107 Sec)
[ —

Ground State

Figure 1.4: Jablonski diagram of fluorescence [21].

There is just a narrow range of light energies whegan cause excitation
corresponding to the allowed energy levels of thaecules, and especially intrinsic
fluorophores. Based on the Planck relation, therggneof a photon is inversely
proportional to its wavelength, or directly proponal to the frequency of the light. Thus,
only a specific range of wavelengths can be usexkttie a given molecule. The emitted
fluorescence light also has a narrow range enasmyarrow wavelength and color equal
to the energy released when the molecule transitiack to its ground state.

As explained earlier, some energy is lost betwéentime when the molecule
leaves the excited state and returns to the grostate, which means excitation
(absorption) and emission spectra must be diffefBms different shows a phenomenon

known as the Stokes shift [22] and can be seemur& 1.5.
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Figure 1.5: Stokes shift.

The difference between absorption and emissionmeié known as the Stokes shift [23].

This phenomenon can help us to separate the ganit@nd emission light by the
use of optical filters or dichroic mirrors and oriyansmit the emission light to the

detector of the devices which are able to measierdédht.

1.3.2 Intrinsic Mitochondrial Fluorophores

Tryptophan, collagen, NADH, flavins, and porphgrire some of intrinsic
fluorophores in the tissue which can be consida®dtructural or physiological tissue
parameters. NADH and FAD (one of the flavins) dre two proteins which we are
interested in the most. They are autofluorescerhzgmes which are essential in the

metabolic pathway of the mitochondria and help étednine the oxidation state of the
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mitochondria [4]. The spectra of these two autafbphores are shown in Figure 1.6 [24]
[25] in some specific biochemical states [26]. NADHly fluoresces in its reduced form,
whereas FAD only fluoresces in its oxidized fornhu$, the fluorescence signals from
these fluorophores are used as indicators of tisstachondrial oxidation in injuries due
to diseases. The ratio of these two fluorophoraliea the mitochondrial redox ratio, is
used as a marker of the oxidation state within tissue [27]. Since, this ratio is
independent of the number of mitochondria, thuss i better quantitative marker of

tissue metabolism.

NADH
Excitation Flavin
grLy
4 NADH 4
100 {ll Emission 100 Exrétnlion
= 4 ]
O Flavin
E B0 - J} 80 A Emission
2 4 4
5 60 - 60 - 4}
= |
2 |
- 40 40
] .
£ 20 20 -
] ]
=
ﬂ T L] L} L) I ) 1 D T T T T
300 360 420 480 540 600 300 400 200 600
Wavelength{nm) Wavelength{nm)

Figure 1.6: NADH and FAD fluor escence spectra.

Excitation and emission spectra of NADH (left) &D (right) .

In order to excite NADH and FAD, a white light $uas mercury light is filtered
at excitation wavelengths of these two coenzymhs. &xcitation spectrum of NADH has

a peak value at 340 nm (ultraviolet region of tlezomagnetic spectrum) and there is a
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peak in the emission spectrum at 460 nm (blue lorLoFAD has its excitation peak
value at 448 nm (blue in color) and a peak valu¢éhan emission spectrum at 520 nm
(green in color). As we can see, there is an opdretween NADH emission and FAD
excitation which requires the two fluorophores keited and detected sequentially.

As seen in Figure 1.6, the excitation spectra eftito fluorophores don't overlap
each other, and the emission spectra don't ovezltier. Hence, by detecting the
fluorescence of each of these fluorophores, wersaasure cellular metabolism of an

organ.
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2 Cryoimaging-M acr oscopy

2.1 Introduction

The structure of organs and the redox ratio areh keffected by disease
progression. The changes in the mitochondrial restake reflects physiological states
that can be directly or indirectly related to stural changes. A high resolution 3D
representation of the organ is essential to unaiedsthis relation [1]. In order to make a
3D representation, which gives enough informatidroua the tissue, a high optical
resolution imaging system (for microscopy purposesh the capability of imaging all
layers of the tissue is required. Cryoimaging isaadageous over the other methods
because of the following reasons:

e |t provides a strong fluorescence quantum yiellN&DH and FAD as
compared to room-temperature imaging techniques. stfonger signal,
the higher signal to noise ratio and the more ateuneasurement.

e It demonstrates 3D spatial distribution of NADH aRAD fluorescence
intensities in tissue.

e It provides the snapshot of metabolism at the frsgzme.

In the following chapter the cryoimager of Biophoitts Lab at University of
Wisconsin-Milwaukee is described in macroscopy et tissue redox calculations
(version 1) and in the next chapter, the microgcsgtup, which | added to the system,

(version 2) for high resolution 3D tissue structpresentation will be explained in detail.
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2.2 Cryoimager

The cryoimager is an automated image acquisiti@haaralysis system consisting
of software and hardware designed to acquire fehaaece images of tissue sections [28]
[29]. This device uses the autofluorescence optiegiously mentioned NADH and FAD
co-enzymes within the mitochondria to determinedékular redox state. By measuring
the fluorescence intensities of a reduced protéADH, and an oxidized protein, FAD,
one can obtain an effective measure of the oxidagiate of the mitochondria.

We use this device to monitor the autofluorescesfcthe NADH and FAD co-
enzymes within the mitochondria to determine theulze redox state. By measuring the
fluorescence intensities of a reduced protein, NABRD an oxidized protein, FAD, one
can obtain an effective measure of the oxidatiatestf the mitochondria.

The cryoimager has a motor-driven microtome, whsggguentially sections
frozen tissue. The thickness of sections whichngsfithe resolution in z direction is
adjustable. This resolution can be as small asn5A broadband light from a mercury
arc lamp is filtered by a filterwheel with up tovdi distinct fluorophores filters. The
filtered light is then reflected and exposed to sheface of the tissue block. After each
slice, a CCD camera records a fluorescence imadbkeofissue block after the emitted
backlight passes through another filterwheel andoptical lens. Later the stacks of
images will be analyzed to determine the fluorophdistribution. The microtome of the
cryoimager is housed in a freezer unit with a terapee around -25°C during sample

slicing and image acquisition.
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2.2.1 Hardware Components

The cryoimager consists of some main components Bk freezer, blade
(including all mechanical devices participating shicing process), mercury arc lamp,
cold mirror and reflecting mirror, excitation andnission filterwheels, lenses, and
camera.

Except the freezer and the blade (which is locatsdie the freezer) all other
mentioned components are parts of two main ligthganamely the excitation light path

and emission light path, which will be explainedhe following sections.

2.2.1.1 Microtome Blade

The cryoimager contains a blade which is driverabyAC motor (Blador, 1/3 HP
AC motor VL 3501). The blade and the motor are kdus the cryoimager freezer
container. The movement of the blade is controtlm@ugh an implemented software
with the help of two sensors located on top of bkeede holder. Figure 2.1 shows the

blade and the two sensors.

Figure2.1: Microtome blade.

left) Blade and blade mount. Right) Blade mount aedsors in the freezer.
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2.2.1.2 Ultra-Low Freezer

The cryoimager includes an ultralow freezer, inokhthe inside temperature is
controlled by an interchangeable temperature serdume temperature goes down to

-25°C while slicing and imaging.

2.2.1.3 Filterwheds

Two optical filterwheels (named excitation and esius filterwheels) rotate
simultaneously to provide required excitation/emoisswavelengths for fluorescence
imaging. The excitation filterwheel is located aftee excitation light source and the
emission filterwheel is located after the samplethBfilterwheels are controlled by

stepper motors and their drivers through the implated software.

2.2.1.4 Camera

We usually use the two following cameras:

e Exi Aqua (Qlmaging EXi Aqua, Canada): This is aocoCCD Camera
with low dark current and high quantum efficiendyhe pixel size is
6.45um*6.45um and the CCD size is 1392*1040 pii&§.

e Rolera (QImaging, EM-C2 Rolera, Canada): This ismanochrome
camera, which features lower noise and more seitgiin terms of signal
detection. The pixel size is 8um*8um and the CCige 38 1004 * 1002

pixels [31].
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The Aqua camera has a smaller CCD pixel which haipaging in higher
resolution, while the Rolera camera has a highgrasito noise ratio and works better in

dark environments.

2215 Lamp

The lamp used in cryoimager is a 200 Watt mercucylamp (Number 6283NS,
Newport Instrument, CT, US).

This type of lamp has a broadband, intense whiget,liwhich is able to excite
multiple fluorophores. The spectrum of the lamphswn in Figure 2.2. As seen this type
of lamp has two intense spectral peaks at 365 rair4&6 nm, which correspond to the

excitation peaks of NADH and FAD respectively.

0
=
1=}

0.08
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2

0.02

Spectral Intensity [Wisrinm/1000cd]

300 400 500 600 700 800
Wavelength (nm)

Figure 2.2: Spectral intensity of mercury-arc lamp.
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2.2.2 Light Paths

2.2.2.1 Excitation Path

The broadband, intense white light, generated fitben mercury-arc lamp is
considered as excitation light. This light is cagplinto a condenser, which homogenizes
the light. The light is then incident on a cold it The cold mirror eliminates the
infrared portion of light.

The homogeneous light then passes through a fhteslvcalled the excitation
filterwheel. The filterwheel contains a set of cptiband-pass filters to filter the light at
the proper wavelengths of fluorophore excitation.

The filters used in our research attenuate the bgrapproximately five orders of
magnitude out of the nominal bandwidth. The exiotaband-pass filter used for NADH
is 350 nm with an 80 nm bandwidth, (UV Pass BldaeklHD Dichroic, Los Angeles,
CA) and for FAD is 437 nm with a 20 nm bandwidtd4QQV21, Omega Optical,
Brattleboro, VT).

The narrow-range excitation light at the desiredet@ngths is then reflected by a
mirror, and finally illuminates the tissue surfanside the freezer unit. Figure 2.3 shows

the excitation path of the cryoimager.
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4) |:,'>|

Tissue

Figure 2.3: Cryoimager excitation path schematic.

1) Mercury-arc lamp. 2) Cold mirror. 3) Filterwhed) Reflecting Mirror.

2.2.2.2 Detection Path

After light is exposed on the tissue surface, thieffuorophores FAD and NADH
emit fluorescence light. This light passes throagtother filterwheel and a lens. The
order and the types of the filterwheel and the hary due to the desired magnification
and resolution of the final images. Finally, a CC&mera records a fluorescence image
of the tissue block to be later analyzed for flygrore distribution.

We used to use a certain lens and filterwheel sietupe detection path namely
the macroscopy. | implemented and added a new getumicroscopy purposes to the

cryoimager. Both setups are described in furthéaildeelow.
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2.2.2.3 Cryoimaging-M acroscopy Setup

In this setup, the light emitted from the tissumpke passes through a fixed large
filterwheel containing filters with 2 inch diametdghen a lens, and finally the camera.
The lens used in this setup is a Canon standasd(Eff 28-135 mm, /3.5-5.6 IS) with
low distortion and a large aperture. The large taperof the lens and the large filters
collect more light (than if a small aperture anltefs were used) from the sample and
compensate for light dispersion and dissipatiaihiatsetup.

The filter used for NADH is 460 nm (50 nm bandwidid460/50M, Chroma,
Bellows Falls, VT) and for FAD is 537 nm (50 nm dandth, QMAX EM 510-560,
Omega Optical, Brattleboro, VT). We use this setopimage samples in cryo-
macroscopy and usually in one field of view. Fig@ré shows this emission light path

setup, used mostly in cryo-macroscopy.

Tissue ]

3)
2) .
i ——> @ o]

Figure 2.4: Cryoimager detection path schematic, macroscopy setup.

1) Emission bigger size filterwheel. 2) Canon Ie8)sAqua Exi camera.
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2.2.2.4 New Cryoimaging-Microscopy Setup

In this setup, the emitted light from the tissumpke first passes through a zoom
lens, then a small filterwheel, containing filtessth 1 inch diameter, and finally the
camera. The lens is an Optem Zoom lens system (1BA6:1 Micro-Inspection,
Qioptiq) and the filter used for NADH is 445 nm (90n bandwidth, HQ 445/90M,
Chroma, Bellows Falls, VT) and for FAD is 520 nn% (3m bandwidth, FF01-520/35-25,
Semrock, Rochester, NY). This zoom lens has a l&ogal length with a slim body in
respect to the Canon lens. Therefore, a smalhfilieel is used in between the camera
and the lens. Placing the filterwheel in betwees ldns and the camera gives us the
freedom to move the lens closer to the sample catidct more light before it dissipates
from travelling in the air. We use this setup foicrascopy imaging (high resolution
imaging), where we need more details of the tissamples. Figure 2.5 shows this
emission light path setup, used in cryo-microscdpyplementing this setup required
some modifications in different parts of the cryagper, which will be explained in next

chapter.
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Figure 2.5: Cryoimager detection path schematic, microscopy setup.

1) Optem zoom lens. 2) Emission small filterwheeR8lera EM-C2 camera.

2.2.25 EntireSystem

Figure 2.6 shows the schematic and the physicallemmgntation of the
cryoimager with the two different detection patlmssummary, the light path begins with
the mercury-arc lamp, and then passes through plemwcold mirror. The light then
passes through the excitation filterwheel, where desired wavelengths of light are
selected. This light is then reflected to the tssia a reflecting mirror. The emitted
fluorescent light from the tissue then passes tjinailne emission filterwheel and lens,

and will be finally captured by the camera.
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Stepper Moto
3) CCDCamera
4)  Tissue Block
5) Microtome Blade
6)  Excitation Filter Wheel T
7) Emission Filter Wheel . T
8) Ultra Low Freezer

9) Excitation Source
10) Power Supply

Figure 2.6: Cryoimager schematic.

2.2.3 Software

To control the slicing and image acquisition precessoftware is implemented in
LabVIEW. The software is also responsible for coltitig different settings, such as
adjusting the camera settings (gain and exposse&jng up the file format and location,
adding filters to the experimental setup and rotptihe filterwheels, positioning the
sample (moving the sample block surface to thetiocavhere the blade is able to cut at
the desired thickness), setting the slices thicknaad controlling the automated image
acquisition. As soon as the aforementioned paraset®e set, the slicing and imaging
process can be started. Figure 2.7 shows the glanml imaging sequence of the cryo-

macroscopy.
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Figure 2.7: Cryoimager dicing and imaging sequence.

2.2.4 SamplePreparation

Before a sample is ready for cryoimaging, there smeeral steps that must be
taken. These include tissue preparation, sampézifig, mounting medium preparation,

and sample embedding.
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After the desired tissue or organ sample (contipkiseased or special tagged) is
harvested, in order to preserve tissues metabtate,she sample should be frozen. We
immerse the sample in chilled isopentane (2-meblgane, -80°C) for 1-2 minutes for
primary freezing and then place it in liquid Niteog(LN2). This method prevents the
sample from cracking due to sudden temperatureggdsar-rozen tissues can be stored in
a LN2 Dewar or an ultralow freezer (-80°C) to beaged later. The sample will be
embedded in a black mounting medium, which is fgoent free at the excitation
wavelengths of interest. Polyvinyl alcohol, digtll water and carbon black powder or
India ink are used to make a reliable fluorescesd-fmounting medium. The frozen
sample is placed on a bed of frozen black mourniedium on top of a metal plate, and
then covered with more black mounting medium. Theole sample block will be
allowed to rest in the ultralow freezer for a dafdse imaging. Finally, the metal plate
will be mounted on the sample carriage in the enager, ready to be sliced and imaged.

Figure 2.8 shows a kidney during mounting.

| ) .
\d

Figure 2.8: Sample embedding.

Left) Sample on the mounting medium. Right) Sanigpek ready for cryoimaging.
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2.2.5 Image Processing

MATLAB and ImageJ are the two main software platier used for image
processing and 3D rendering, respectively (althplbgith platforms have the capability
to perform the two mentioned applications). LabVIESValso used to stitch the images
taken in microscopy. In the following sectionssfithe pre-processing steps including
image calibration will be explained. Then the #iibg algorithm implemented in
LabVIEW to construct cryo-microscopy images is dssed, and finally the post-

processing and different presentations of datallastrated.

2.25.1 Pre-processing

Before processing we should make sure to removeaiadgsired images from the
stack of images. These images, for instance, cbaldhe ones in which the black
mounting medium after being sliced is folded angtistto the tissue surface, affecting the
next image. This problem, as illustrated in Fig@r®, occurs frequently when we take
very thin slices of the tissue sample (around 105t@im).

Sometimes we also need to compensate for the suddezase or decrease in
light intensity in the middle of an experiment, &i®own in Figure 2.10 . This can be
caused by the user in an attempt to prevent saiorar improve the contrast of the

image.
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Figure 2.9: Undesired sample slices.

Slice 102 Slice 103

Figure 2.10: Intensity changein two consecutive NADH images.

2.25.2 Imaging Calibration

Calibration is an important part of imaging. Forckeeexperiment, we acquire
several calibration images to compensate for dajatovariations of light intensity and

non-uniformity of the illumination pattern. FiguBell shows a set of calibration images
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taken at the beginning of each experiment and bedbicing the tissue. Figure 2.11 (1)
shows image of a grid. This image is used to deterrthe magnification of the images
and to set the focus of the lens. The dimensioeach small square in the sample grid
paper is 1 mm and the real magnification can bdyedsfined by the size of the camera
CCD. Figure 2.11 (2) is a sample dark current imddes image is used for background
subtraction. Figure 2.11 (3 and 4) show the flaldfimages in NADH and FAD channels
respectively. The flat-field image is captured framniformly fluorescent and flat object.
It accounts for day-to-day light intensity variatg as well as possible non-uniform
distribution of light on the sample. All the imageseach channel were then normalized

by dividing each image to the flat-field image ecapt in the same channel.

Figure2.11: Calibration I mages.

1) Grid image 2) Dark current image 3) NADH chanite field image 4) FAD channel flat field image.
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2.2.5.3 Post-processing

2.2.5.3.1 Redox calculationin MATLAB

After pre-processing, FAD and NADH images of thenpbes (taken in either
macroscopy or microscopy) are loaded into MATLABdaackground correction and
exposure compensation are performed.

NADH fluorescence images are then divided by theesponding FAD images,
voxel by voxel, to calculate the NADH redox ratar £ach slice of the tissue sample, and
the redox stack is constructed. The final resuéts then be presented in one of the

following methods, depending on the organ and ddgpart of the tissue.

One Slice Representation

In this method, one representative slice from thHele sample is chosen to
display the results. Figure 2.12 shows NADH, FABJ &ADH redox images from one
slice of a control mouse kidney, which shows omssisection of the tissue. This method

is used when emphasizing a specific part of trsaiésvhich is of most interest.

NADH FAD
- HTG - |
{
0

Figure 2.12: One slice method data representation.

NADH Redox

One slice

NADH, FAD, and NADH redox images of a control molksgney.
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Whole Volume Representation

In this method, we form a composite image usinglates in NADH, FAD, and
NADH redox. These 3-D composite images are useddioresentation and comparison
of the data and calculation of the histograms. 13 shows the rendered NADH and

FAD images and the redox volume calculations afretrol mouse kidney.

NADH FAD NADH Redox

70 _ . 50 — 4

Figure 2.13: Whole volume method data representation.

Volume
Rendering

NADH, FAD, and NADH redox images of a control molkigney.

Maximum Projection Representation

In this method, the maximum intensities along thexis of the composite images
3D volume in NADH, FAD, and redox ratio) are cakteld and used for representation
and comparison of the data. Figure 2.14 shows #@y@émum projection of NADH, FAD,
and NADH redox in a control mouse kidney.

FAD NADH Redox

Max

Projection

Figure 2.14: Maximum projection method data representation.

NADH, FAD, and NADH redox images of a control molksgney.
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2.2.5.3.2 3D visualization in Imagel

The 3D viewer plug-in of ImageJ is used to preskatstructure of the tissues.
This plug-in allows us to display stacks of imagssvolume renderings or surface plots,
and enables us to perform volume editing. Figurks Zhows an example of a 3D

rendering with this software.

Figure 2.15: 3D rendering of a control mouse kidney sample reconstructed in ImageJ.

Whole and half kidney.
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3 Design and | mplementation of Cryoimaging-M icr oscopy

3.1 Introduction

As explained earlier, one of the main goals of tieisearch is to represent the
small structures of the tissue samples in 3D, katdkhe changes in the structure due to the
diseases, and compare the results with the redimx €ryo-microscopy seems to be the
best approach to this goal. But at the same tin@astopy has led to some limitations
and challenges in imaging, and we needed to maulifycryoimager for microscopy.
These limitations and challenges are summarizedthmee categories and are explained

in the following subsections.

3.2 Microscopy | maging Challenges

3.2.1 Resolution

Due to some optical system limitations (specificalbck of resolution),
magnifying an image for microscopy does not alwslygsw the details we are looking
for. The resolution of an image is the detail arage holds. Higher resolution means
more image detail. Resolution is defined in numifdime pairs per millimeter (LP/mm).
Each pair consists of a black line and a white. lineother words each LP/mm is equal to

2 lines per millimeter. Higher LP/mm means higheage resolution [32] [33].
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For high-resolution imaging we need an optical eystwith high optical
resolution. Optical resolution is the ability of anaging system to resolve detail in the
object that is being imaged. Imaging systems maj ltifferent individual components
like filters, lens mechanism, and recording and mooimg devices. Each of these
components, plus the environment in which the imggs done, contributes to the final
optical resolution of the system [34]. In this rasd, we particularly focus on the lens.

To transition from cryo-macroscopy to cryo-micrgsgowe have to use a special
lens to be able to magnify the sample while havigdy optical resolution.

There are two main parameters that should be taken consideration for
choosing a lens with desired resolution.

e Numerical aperture.
e Working distance.

The light-gathering ability of a lens is expressedterms of the numerical
aperture, which is a measure of the number of fiigifracted image forming light rays
captured by the lens. Higher values of numericaltajpe allow increasingly oblique rays
to enter the lens, producing a more highly resolueahe [35].

Working distance, the distance from the sampléhéodamera CCD surface, will
be explained in further detail as a part of theeamjicroscopy implementation.

As mentioned earlier, we used an Optem Zoom les®esy(125C 12.5:1 Micro-
Inspection, Qioptiq). This lens is capable of m&gng the image up to 6.5X without
any auxiliary lens. With an auxiliary lens of 2X,dan magnify up to 13.0X without

changing the main tube of the lens [36]. The Iernshown in Figure 3.1.
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Figure 3.1: Optem zoom lens.

This lens is used for cryo-microscopy.

The resolution, numerical apert, and working distance of the Optem lens
different magnificationswithout and with 2X auxiliary lens, ashown ir Table 3-1 and

Table 3-2.

1X main tube
L ow magnification | High magnification
with no auxiliary lens

Magnification Range 0.52X 6.5X
Resolution 58 LP/mm 300 LP/mm
Numerical Aperture 0.019 0.10
Working Distance 89 mm

Table 3-1: Optem zoom lens specifications with no auxiliary lens.
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1X main tube
Low magnification | High magnification
with 2X auxiliary lens

M agnification Range 1X 13X
Resolution 114 LP/mm 594 LP/mm
Numerical Aperture 0.038 0.20
Working Distance 32 mm

Table 3-2: Optem zoom lens specifications with 2X auxiliary lens.

3.2.2 Chromatic Aberration

As explained in Chapter One, we usually analyze to&centration and
distribution of the two coenzymes FAD and NADH iettissue samples. To do this, we
image in two channels of the cryoimager by usingrapriate filters for FAD and NADH
excitation and emission wavelengths.

Before starting the imaging and while performing thre-imaging setup, we
adjust the lens to focus on one channel. If we gbahe channel to the other without
refocusing, we see the new images become blurris iEhthe result of an optical
phenomenon called aberration. Figure 3.2 showsratimr in the images taken by the
cryoimager with the Canon lens and in cryo-macrpgamnfiguration. At the picture we

see a slice of control mouse kidney sample with Fekannel in focus. Because of the
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aberration the NADH channel is out of focus. Thenber of girds in the grid image of

Figure 3.2 shows the images are taken in macroscopy

Figure 3.2: Chromatic aberration in Canon lens, rat kidney sample.

Left) FAD channel. Right) NADH channel. While th&B channel is in focus, the NADH channel is out

of focus.

It is clear that blurry images suppress detaitddormation about the distribution
of NADH and FAD and therefore the redox ratio. 8w® goal is to cancel the effect of
the aberration on the captured images to presdrenformation within the images
which helps us to quantify redox ratio and représisaue structures.

Aberration is due to flaws in optical elements, andesults in blurring and
distortion in the image taken.

In an imaging system, aberration occurs when \gsligiht from one point of an
object does not converge into a single point aféssing through the system [37, 38].

Aberrations are divided into two classes:
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e Monochromatic aberration

e Chromatic aberration

3.2.2.1 Monochromatic Aberration

The geometry and the nature of a lens, includirgespal, coma and curvature is
the cause of this type of aberration. It occurswhght is either reflected or refracted
and all beams of light do not converge to the fgeaht of the lens. It appears even when
monochromatic light (visible light with a narrow rmh wavelength) passes through the

lens [39].

3.2.2.2 Chromatic Aberration (Achromatism)

Chromatic aberration occurs when a lensis not atddocus all colors
(wavelengths) of the light to the same convergermmant because it has
different refractive indices for different wavelehg of light. In a lens, higher
wavelengths have a lower refractive index [39]. Mehromatic aberration, images are
distorted and are blurry.

There are two types of chromatic aberration:

e Axial (longitudinal)

e Transverse (lateral)

3.2.2.2.1 Axial (longitudinal)
Axial chromatic aberration occurs when differentvelengths of light focus at
different distances from the lens on the opticad.akhis type of aberration is also called

focal shift.
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3.2.2.2.2 Transverseaberration (lateral)

Transverse chromatic aberration occurs when diftan@velengths of light focus
at different positions in the focal plane of thede

To reduce the chromatic aberration, lens manufagursually use the following
techniques:

e The focal length of the lens is increased to th&imam possible length.

e An achromatic lens, or achromat, is used to redtice chromatic
aberration. In these lenses materials with diffgaispersions are used to
make a compound achromatic lens.

e Combining more than two lenses of different comf@sican increase the
degree of correction further. This technique isdusean apochromatic
lens, or apochromat.

e Costly fluorite glasses with very small toleranca® used to make
superachromat lenses. In this lens four separateeleragths can be
brought to focus in the same plane.

Figure 3.3 visualizes the two different chromatiemations versus an ideal lens
which is considered to be aberration free [40].
Figure 3.4 shows the focus error (focal shift) dfedent types of lenses versus

different wavelengths [41].
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Figure 3.3: Axial and transver se chromatic aberration versusan aberration freelens [40].
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Figure 3.4: Chromatic correction of visible and near infrared wavelengths [41].
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Although lens manufacturers apply these techniqteesreduce chromatic
aberrations, chromatic aberration is still an issnemost prime and zoom lenses, and
affects many images especially at higher resolutitaging. In Section 3.3.2 the method

| have used to eliminate chromatic aberration [gared.

3.2.3 Field Of View

The area that is visible to an optical instrumentalled the field of view (FOV).
By increasing the magnification, the field of viedecreases and vice versa. In other
words, in order to be able to see the tissue swreictwe have to increase the
magnification, which results in a smaller field wéw. As a result, imaging the whole
tissue samples in high resolution in just one fefldiew may not be possible, and only a
small part of a large sample would be captured tilee one shown in Figure 3.5 [42].
Since we are interested in imaging the whole tissaraple, regardless of size, a raster

scanning mechanism is implemented which will bel@rpd in subsection 3.3.3.

naked eye dAx magnification bx magnification

Bx magnification 10x magnification 20x magnification

Figure 3.5: Scenery at different magnifications [42].
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3.3 Implementation of Cryo-Microscopy

In the previous section, the challenges in cryorasicopy were explained. In this
section the solutions and the implementations dmn@vercome the challenges are
explained. Based on the main requirement of cryorescopy, which is recording
images in high magnification, the importance ofaderration-free lens mechanism with
a long working distance is apparent. We searched nlarket for a lens with the
aforementioned properties, and the best choicacgybé to our cryoimager was Optem
zoom lens. Some detailed information about this l@as already given. In the following
section, more information about other propertiestla lens will be given in the

following section.

3.3.1 LongWorking Distance Lens

By increasing the magnification, the working distanof any lens decreases,
which means the lens should be closer to the sabwiey imaged. Since there was a
long distance between the location of the samplhénfreezer and the location of the
camera and lens, we had to decrease this physgtahde and bring the sample into the
lens’ working distance for cryo-microscopy. By somedifications in the cryoimager
setup, we could decrease the distance to minimu@® ahm. As shown in Table 3-1 and
Table 3-2, the working distance of the Optem zoens|(with 1X main tube) is 89 mm
without any auxiliary lens and 32 mm with 2X auaily lens. To guarantee the proper

working distance, we had to use a 0.75X auxiliaysl to increase the lens’ working
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distance. With the 0.75X auxiliary lens, the lengctmanism characteristics are as

following (Table 3-3):

1X main tube
Low magnification | High magnification
with 0.75X auxiliary lens

M agnification Range 0.39X 4.9X
Resolution 42 LP/mm 217 LP/mm
Numerical Aperture 0.014 0.072
Working Distance 114 mm

Table 3-3: Optem zoom lens specifications with 0.75X auxiliary lens.

This lens mechanism also has a property (as opposether lens mechanisms),
which helps us to overcome the limited working @mse in the cryoimager. In this lens,

at higher magnifications, we do not approach tmepda but instead back away from it.

3.3.2 Camera Movement

Because of the chromatic aberration of the lenshawe different focal points for
different emission wavelengths in the same image Mgually use two different
wavelengths in the detection path. When we focusooa channel (e.g., the NADH

channel with 445 nm), the other channel will be @iutocus (i.e., the FAD channel with

520nm).
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In order to eliminate this problem, we used Optecornz lens for Cryo-
microscopy. This lens is an achromatic lens systeima very small focal shift. The lens
mechanism has a long tube, meaning the focal leisgthcreased to reduce the focal
shift, which results in less aberration. Althougistlens is sold under the aberration free
tag, it still has chromatic aberration.

Figure 3.6 shows the images of one slice of a cbniouse eye (the lens of the
eye is taken out to avoid saturation) in NADH, FAdnd bright field channels taken by
the zoom lens. The number of girds in the grid ienafjthe figure determines that the
images are taken in microscopy. The small sizdn@fmbouse eye allows us to image the
whole tissue in one field of view. Because of teal shift error (due to chromatic
aberration) of the lens, there is a compromise eetwthe focal points of the NADH and
FAD channels. This means the focus point is chos@mewhere in between each
channel’s focal point. Thus, both channels areadubcus and a bit blurry. The bright
field channel, which uses white light illuminatievith no filters in either excitation or

emission path, has the worst image quality.

Figure 3.6: Chromatic aberration in Optem zoom, mouse eye sample.

Left) FAD channel. Middle) NADH channel. Right) Btit field channel. All images suffer from CA.
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Figure 3.7 shows another mouse eye sample imaga takthe Optem zoom lens
in cryo-microscopy with the FAD channel in focusisl clear that the NADH channel is

out of focus.

Figure 3.7: Chromatic aberration in Optem zoom lens, rat eye sample.

Left) FAD channel. Right) NADH channel. While FADannel is in focus, NADH channel is out of focus.

The focal shift charts obtained from the manufasmtuat the minimum and
maximum magnification without any auxiliary lensogin in Figure 3.8 and Figure 3.9.
From Figure 3.8, it can be seen that at the lowesgnification (0.55X), the maximum
focal shift in the visible light spectrum is 14500um, while the shift between the
wavelengths of FAD and NADH channel is 10@ (0.1 mm). In Figure 3.9, we can see
that at maximum magnification (6.9X), the maximumadl shift in visible light spectrum
is 4039.6748um, while the shift between the wavelengths of FAT &ADH channel is

2700pum (2.7 mm).
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Figure 3.8: Chromatic focal shift of Optem zoom lensat 0.55X.
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Figure 3.9: Chromatic focal shift of Optem zoom lensat 0.6.9X.

To eliminate the chromatic aberration and imprdwe image quality, we mo\
the camera and lens to the focal point of the wavelemfteach chann separately. To
implement this planwe useca moving stage (NRT 150, Thorlabs with 150mm mo
distance) and modifiethe cryo-software. The stage has incremental movement o
pm with a repeatability of pm and the absolute @xs accuracyaccording to the
manufacture is 19.29 um. The lens and the camermaunted on the ste, and with the
help of the stage we first focus on one channek $lae position of the camera and le

thenfind the focal point in the other channel ésave the positionf the camera and le
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in this channel as well. During the experiment, soétware automatically moves the
camera and lens to the appropriate focal pointetwh channel. Figure 3.10 shows the

implementation used for both the macroscopy andasoopy setup.

Figure 3.10: M acroscopy and Microscopy setups with moving stage for camera and lens.

Top) Macroscopy. Bottom) Microscopy.

The distance that the camera and lens should metweebn the two channels’
focal points could be calculated based on the foshift graphs at different
magnifications; in practice, however, we find itsies to determine the focal shift

empirically for each experiment.
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The red area in Figure 3.11 shows the changeseirsaftware implementation
necessary to control for aberration. Figure 3.1@&hthe slicing, stage movements and

imaging sequence after the new implementation.

ICM Setup Camera

Main Acqulne Sertup

ICM Setup Camera

Main Acquine

-

Update Updiati

Figure 3.11: Camera setting page of the crycimager software.
Left) Old implementation. Right) New implementatidn the new implementation, camera position can be

controlled via the software.
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Figure 3.12: Cryoimager slicing and imaging sequence while using the moving stage.

By implementing this method, our images improvednsicantly and the
aberration problem was solved. Figure 3.13 andrEi@ul4 show sample images taken
by Canon and Optem zoom lens in both FAD and NADtnnel after aberration
correction, respectively. The number of grids ia gird image of each figure show that

Figure 3.13 is in cryo-macroscopy and Figure 3.44ni cryo-microscopy. After the
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aberration correction,he images takelin both channels aren focus in both cryo-

macroscopy and CrymHcroscop.

Figure 3.13: Chromatic aberration correction of rat kidney sample imaged by Canon lens.

Left) FAD channel. Right) NADH channeBoth channels are ifiocus

Figure 3.14: Chromatic aberration correction of mouse eye sample imaged by Optem lens.

Left) FAD channel. Right) NADH channeBoth channels are ifiocus
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3.3.3 Raster Scanning and I mage Stitching

When magnifying the image the field of view decesasvhich means the whole
tissue cannot be imaged once at time for largeiptEsnRaster scanning is a solution to
this problem. Raster scanning is implemented bydisuding the image into different
fields of view, then taking images of each singggdf of view. These single images will
be stitched together to construct the whole im&ge.raster scanning, movements in two
directions (X and Y) are required. To implementeascanning we have used a two-axis
motorized micro stage (Standa 8MTF - Motorized X¥afning Stage). The stage is
installed vertically in the cryo freezer chambed dhe tissue block is mounted onto it.
This stage has movement resolution of 2.5 um ihsfiglp and 0.31 um in 1/8 step and
can tolerate up to 6 KG load capacity in the vattdirection. This capacity is enough for
the tissue block weight with allowance for the ®@pplied to the tissue and stage from
the strikes of the blade. Figure 3.15 shows thgesand how it is installed inside the

cryoimager with the sample block mounted to it.

Figure 3.15: XY-stage used for raster scanning.
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The raster scanning algorithm also is implementethe cryoimager software.

The red area in Figure 3.16 shows the implememtatiche software.

fCM Setup Camera

L Updoio

Figure 3.16: Raster scanning softwar e implementation.

For raster scanning we need to define the tissuadary first. This boundary can
be recognized by the help of four markers (e.gothpicks) around the tissue when
embedding the tissue in black mounting medium. Byimg the stage to the positions of
these markers, the four corners of our final regtidar surface are defined and saved in
the software.

The number of images per slice should also be @eéfim the software. This
number is calculated based on how big the tissuends how magnified we want the

tissue image to be. These numbers vary for thecaédnd horizontal axes. By entering
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the boundary positions and desired number of imagesthe software, the software is
able to automatically calculate and save the 8istion of the positions where the stage
should move. The more magnification, the more isagfeould be defined to cover the
whole tissue surface (due to limited CCD camerhl faf view). When calculating the
number of images, a safe overlap (typically %206&5) between the images should also
be taken into consideration.

The software is implemented such that raster sognstiarts from the top right-
hand side of the sample and works its way down,ningathe stage should initially be
positioned as far left and as low possible. FigBrE7 shows the implemented raster

scanning algorithm.
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Figure 3.17: Cryoimager dicing and imaging sequence after using both stages.

Figure 3.18 shows each field of view of one sli€aaontrol rat kidney in the
FAD channel, which will be stitched to construce timage of that slice, as shown in

Figure 3.19.
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Figure 3.18: Multiplefields of view of one dice of arat kidney sample with cryo-micr oscopy setup.

Figure 3.19: Stitched fields of view of one dlice of arat kidney sample.

Figure 3.20 and Figure 3.21 shows some selectethesti images of different

layers of control rat kidneys in both macoscopy amctoscopy, respectively.



Figure 3.20: Selected images of different layersof arat kidney sample after cryo-macroscopy.

Figure 3.21: Selected images of different layersof arat kidney sample after cryo-microscopy.
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The macroscopy-imaged kidney was imaged in 30@shegith 30um thickness
and the microscopy-imaged kidney was imaged inl@@sswith 200um thickness. In
microscopy imaging, each slice was imaged in 1Rigi®f view (3*4). It is quite clear
that the structures of the microscopy-imaged kidasy more recognizable and can be
analyzed more easily. With the stack of the stidichgh-resolution images, we are able
to make 3D pictures of the tissue for both redod atructural analysis. More details

about image stitching and the stitching algorithitl, be discussed in the next section.

3.4 Cryo-Microscopy | maging I mprovements

3.4.1 Images Stitching Challenges

Image stitching technique combines multiple imagesroduce one image, and is
typically used to construct a high-resolution image obtain a seamless image with no
artifacts after stitching, the two following condits should be met while imaging:

1) The sub-images should be exposed to uniform lgemaus illumination.

2) There should be nearly exact overlaps betweesub-images.

Figure 3.22 shows a rat eye image with severeaatsif These artifacts between
sub-images after stitching are due to light non-bgemeity. Figure 3.23 shows the
illumination pattern of an individual field of vietaken from a flat-field standard in the
FAD channel with camera exposure of 500 ms and gfain The small yellow rectangle

defines one of regions where the average internséy calculated. As shown in the
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image, the five different regions have differertemsity averages, which shows the li

is not homogenous.

|
I

|||
|

I

=

Figure 3.22: Control rat eyeimaged in 4 fields of view (2*2) and stitched before light correction.

The artifacts are visible due to r-homogeneity illumination.
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Figure 3.23: Calibration image for the control rat eyein FAD channel before light correction.
Different mean values of intsity at different regions of the flat fielsre showing the n-homogeneity of

the illumination which causes the artifacts.
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3.4.2 Solutionsto Images Stitching Challenges

The illumination correction usually is done by adjng the knobs on the mercury
arc lamp. Using neutral density (ND) filters in teecitation path also helps make the
light homogenous, but reduces the intensity oflidjet incident on the sample, which
results in longer exposure times. Figure 3.24 shibvwdlat field illumination pattern of
the same slice of the eye after the correction witifting the knobs of the mercury arc
lamp. As seen, the average intensities of differegions are closer, which results in a
smoother stitched image. Figure 3.25 shows the shige after illumination pattern
correction. As seen, the artifacts are almost egtiliminated.

Overlapping problem is also solved in the impleradnstitching software and

will be explained in the following section.
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Figure 3.24: Calibration image for the control rat eyein FAD channé after light correction.

Average intensities at different regions of the field are closer which results in smoother image.



Figure 3.25: Control rat eyeimaged in 4 fields of view (2*2) and stitched after light correction.

1) NADH channel 2) FAD channel. The artifacts dimimated.
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3.4.3 Images Stitching Software

A user-friendly software is implemented in LabVIEWr automated image
stitching. Figure 3.26 shows the software panel #rel parameters needed for fine

stitching.

[ File Edit View Project Operate Tools Window Help.

Mﬁ |@ Ill 15pt Application Font |TI|£| =

Figure 3.26: The automatic stitching software implemented in LabVIEW.

The software is able to eliminate the imprecise ements of the stage.

In the software panel, the number of images (figfigiew) per slice should be
defined. These numbers are exactly the same ag tiefined when the tissue was
imaged. The overlap between images can be definédth percentage and number; the

pixel/percent switch allows the user to toggle keswthe two.
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The software requires other parameters such amthlenumber of slices, which
slice to begin stitching, and in which channel (NADr FAD) the images were acquired

Artifacts are not always due to the illuminatiomc the step movements of the
stage are not precise, after stitching the arsfaciuld appear.

This software has also the ability to remove thifamts from the imprecise
movements of the stage by shifting pixels positianisen stitching. Figure 3.27 shows
the artifacts in a slice of a rat kidney made du¢he imprecise movement of the stage

and Figure 3.28 shows one-axis corrected imageathar slice of that rat kidney.

Figure 3.27: Artifactsin stitched image of a control rat kidney.

These artifacts are made because of the impre@sement of the stage.
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Figure 3.28: One-axis corrected stitched image.

Region in blue ellipse shows the image is correatiide region in red ellipse still suffers the &atit.

In Figure 3.28 the vertical artifacts are elimimhbait the horizontal ones are still
remaining because of no correction in that axis.

After obtaining corrected high resolution images dryo-microscopy, same
software and techniques explained in image procgssection of chapter 2 are used to

calculate the redox of the tissue samples and te@ 8B panels from them.
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4 Biological Applications of Cryo-M acroscopy and Cryo-

Microscopy

4.1 Introduction

In the previous chapters, cryo-macroscopy, cryamsicopy, and the images
captured in each setup were explained. In thistehatne biological applications of both
cryo-macroscopy and cryo-microscopy are discussed.

In my research, | studied the mitochondrial redtatesin bronchopulmonary-
dysplasia injury models in mice lungs in macroscoplie results obtained, validate
cryoimaging method performance in measuring thelatkie state. Then | studied the
structural changes in the tissue due to the diseidse change the mitochondrial redox
state of the tissue. To reach this goal, | stutliddeys of animal model (Endoglin gene
knock out rat), imaged them in microscopy and shbte structural changes in high

resolution 3D rendering while the tissue redoxestaitmonitored at the same time.

4.2 Cryo-Macroscopy Imaging: Bcl-2 (BPD model)

Bronchopulmonary dysplasia (BPD) is a chronic lurmndition that affects
premature infants who receive supplemental oxyggperoxia) or ventilator support for

long periods of time. Studies have shown that aroésalveolar development is a
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hallmark of BPD caused by either oxygen or mectanientilation. We have observed
significant abnormalities in lungs prepared from-Baull mice perhaps as a result of
increased oxidative stress and reduced angioggdé&}iOur hypothesis is that oxidative
stress plays a key role in development of vasalyafunction associated with BPD. We
used optical cryo-imaging to investigate the mitoutirial redox state of the tissue
related to oxidative stress and pathogenesis of. Bfelbe we tested whether deficiency in
Bcl-2, an anti-apoptotic protein with importantegoh angioegenesis, results in increased
oxidative stress (OS) and attenuation of lung aggnesis contributing to PBD.

In this research lungs from three groups of micesvetudied: Bcl-2 +/+, Bcl-2 -/-
(global Bcl-2 null) and Bcl-2 VE-cad (Bcl-2 only lé¢ed in the endothelium). Bcl-2 +/+
lungs were used as control and Bcl-2 VE-cad and2B¢t mice were used as potential
models of BPD. The mice were sacrificed at 3 weslkage.

Bcl-2 family acts as regulators of oxidative strésst affect the metabolic state of
the tissue. Absence of Bcl-2 causes a more oxidstate in tissue and, as such, the
mitochondria are more oxidized in Bcl-2 -/- micecasnpared with their controls.

The results are shown in Figure 4.1. Figure 4.ft) (#ows the 3-D rendering of
NADH and FAD fluorescence signals and their ratRR( = NADHFAD) from
representative lungs of each of the three groupsZB/E-cad vs. Bcl-2 +/+ on top and
Bcl-2 -/- vs. Bcl-2 +/+ on bottom). As expected,ceniwith global Bcl-2 null and Bcl-2
VE-cad show a decreased NADH signal and increaseid Bignal and as a result

decreased RR in respect to the control mice (26&tedse for Bcl-2 VE-cad and 47% for
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Bcl-2 -/-) which implies generation of more ROS andadative stress. Bcl-2 -/- mice also
had more ROS and oxidative stress (OS) comparéuBeit2 VE-cad.

Figure 4.1 (right) shows histograms of RR for thiegs. The mean values of these
histograms suggest a more reduced mitochondriaxrathte for Bcl-2 +/+ lung, and

more oxidized mitochondrial redox state for both-B&/E-cad and Bcl-2 -/-.
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Figure 4.1: Fluorescence images and histograms of Bcl-2 mouse lung.

Left) Fluorescence images of from left to right NMDFAD and NADH redox in a Bcl-2 VE-cad vs. Bcl-2
+/+ mouse lung on top and Bcl-2 -/- vs. Bcl-2 +@# the bottom. Right) Histogram of control (bluega

Bcl-2 VE-cad lung (red) on top and control (bluafld@cl-2 -/- lung (red) on bottom.
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Figure 4.2 Figure 1 (c) shows the average *SE dstaherrors) of the mean
values of the redox ratio histograms for the thgeeups of mice, which shows a

significant decrease (p<0.021) in the NADH redoBet-2 VE-cad lungs and Bcl-2 -/-.
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Figure 4.2: Mean value bar graph of mitochondrial redox ratio.
Bar graph showing the means and standard errdheahean value of mitochondrial redox ratio (p<Q)02

Left) Control and Bcl-2/E-cad. Right) Control and Bcl-2 -/-.

The utility of cryoimaging for evaluating the redetatus of tissue mitochondrial
coenzymes NADH and FAD was previously shown inahtangs in another model of
BPD (combining injuries due to ventilation with ed¢ed oxygen concentration and
bacterial infection) [44]. It was illustrated ththie redox ratio (RR), NADH/FAD, is an
index of lung tissue mitochondrial redox state, ahhis an important determinant of
mitochondrial bioenergetics. Here we have shown mhiae lacking Bcl-2 demonstrate
increased oxidative stress as seen in BPD pheno$pk2 is a key mediator of

downstream events that occur in response to bath @nd anti-angiogenic factors,
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including VEGF and thrombospondin-1 (TSP1), respebt [45]. The important role
Bcl-2 plays during angiogenesis is demonstratethbyinability of Bcl-2 -/- endothelial
cells to undergo capillary morphogenesis and sprgungiogenesis [46].

A clearer understanding of mitochondrial dysfunctand the role Bcl-2 plays in
this process is critical for elucidating the rolé mitochondrial bioenergetics in
pulmonary developmental arrest and can be furttsed un prevention of BPD-like
injuries. Our studies show that deficiency of Bcr2the endothelium is only partially
responsible for increased oxidative stress. Thaetigeof additional cellular components
to increased oxidative stress in the global nudexawaits further investigation.

Other endogenous (intrinsic) fluorophores in tresue, including collagen and
elastin, would not be expected to contribute iniateis of mitochondrial redox state
[47] [48]. Contribution of cytosolic NADPH, which as the same fluorescence
characteristics as NADH, to the NADH fluorescemnsil is considered to be small [49]

since its concentration and quantum yield is munhlker than NADH [50].

4.3 Cryo-Microscopy Imaging: Endoglin (HHT-1 model)

The structure of organs and the redox ratio areh kaffected by disease
progression. The changes in the mitochondrial resiate reflect physiological states that
can be directly or indirectly related to structur@hanges. In order to study this
correlation, we added microscopy capability to ¢hgimager. We started to investigate

the structural changes in the vasculature of kidneymultaneously with redox
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measurements in diseases such as HHT-1 (Heredieamnorrhagic telangiectasia) and
diabetes.

We are in a unique position to identify early peirdf intervention to protect
kidney function during diabetes. We tested the hiypsis that the reduction in the level
of metabolic state (redox ratio) is related to acrease in the level of oxidative stress
occurring in the renal vasculature and proximaluteb during diabetes. These studies
will establish a time frame for induction of rerdidative stress during diabetes and its
association with renal vascular and tubule dysfonst

HHT-1 is a good model to study the way in whichisedse affects structural
changes in the vasculature network of differentansy This disease is a dominant
vascular dysplasia caused by loss-of-function maratin the human Endoglin gene.
HHT-1 results in excessive bleeding and vasculdfamaation due to failure to recruit
perivascular supporting cells to the newly formbigod vessels [51].

HHT-1 is associated with frequent nose bleeds,ntpéactases, mucosa, and
arteriovenous malformations in lung, liver, kidnapd brain [51] [52].

Complete deletion of Endoglin is embryonically kth Indeed, Endoglin
knockout mice (Eng -/-) die in utero from cardiovalsr defects due to inappropriate
remodeling of their mature vascular network [523][b4] [55].

Using the cryo-microscopy setup | implemented, Wasculature in Endoglin
heterozygote (Eng +/-) mice was targeted and dfudibese mice show some of the
same vascular defects with as humans with Enddgtiploinsufficiency [56], and

therefore continuing this study can reveal somenank aspects of this disease, which
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could help to diagnose and quantify the amountngdry incident to organ by this
disease. 3D cryo-microscopy optical imaging shoted vasculature network in kidney
from Eng +/- mice demonstrates following properasscompared to normal mice:

e More branching

e Smaller caliber

e Smaller vessel coverage

e More tortuosity

e Premature branching

Figure 4.3 shows a maximum projection represemtatb NADH and FAD
fluorescence signals and the NADH redox ratio faamEndoglin knockout mouse (Eng
+/-) kidney versus a wild type mouse (Eng +/+) lagnboth sacrificed at 9 month of age.
It can be seen that the Endoglin knockout mous&vstam increased NADH signal and
decreased FAD signal and as a result increased Ne&idbk ratio.

Figure 4.4 shows histograms of the NADH redox r&iothe two kidneys (Eng
+/- and Eng +/+). The mean values of these histograuggest a more oxidized
mitochondrial redox state for Eng +/- kidney, andrenreduced mitochondrial redox
state for Eng +/+.

Figure 4.5 and Figure 4.6 also show the Eng +/-Bng +/+ mouse kidneys
imaged in microscopy configuration. A 3D renderiofyboth kidneys illustrate more
branching with smaller caliber and vessel coveiagesculature network of an Eng +/-
kidney. These vessels have more tortuosity and detrade premature branching in

comparison with an Eng +/+ kidney which prove oypdstasis.
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Figure 4.3: Maximum projection of NADH, FAD and NADH redox in 9 month Eng +/- and Eng +/+

mouse kidney.
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Figure 4.4: Histogram of NADH redox in 9 month Eng +/- (blue) and Eng +/+ (red) mouse kidney.
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Figure 4.5: 3D rendering of NADH redox in 9 month Eng +/+ mouse kidney.

Figure 4.6: 3D rendering of NADH redox in 9 month Eng +/- mouse kidney sample.
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5 Conclusion and Future Work

5.1 Concluson

| designed and implemented cryo-microscopy for higgolution visualization of
3D tissue structures to monitor the amount of Wjum tissue due mitochondrial
dysfunction and structural damage.

| also implemented a raster scanning algorithmcegturing high resolution and
magnified images. Thirdly | implemented a stitchialgorithm to automatically stitch
multiple raster images to obtain one high resofutrnage. To eliminate the artifacts on
the stitched images, the illumination pattern wasrected and shifting method was
employed in the stitching software to compensat ithprecise movements of the
cryoimager stage in microscopy configuration.

Capturing the fluorescence images in microscopgluésn enables us not only
to determine the oxidative state of the tissue atsd to visualize the tissue structure. The
correlation between the changes in the mitochohdadox state and the structural
changes of the tissue is beneficial.

| studied the oxidative stress of three groups mientungs with 3 weeks of age.
Bcl-2 +/+, Bcl-2 -/- (global Bcl-2 null) and Bcl-¥E-cad (Bcl-2 only deleted in the
endothelium). Bcl-2 +/+ lungs were used as cordra Bcl-2 VE-cad and Bcl-2 -/- mice
were used as potential models of chronic lung daiin premature infants named

bronchopulmonary dysplasia (BPD).
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We observed a 47% and 26% decrease in the NADHxred®cl-2 deficient
lungs, Bcl-2-/- and Bcl-2 VE-cad, respectively. Sh@cl-2 deficiency is associated with
significant increase in oxidative stress contribgtio reduced angiogenesis and enhanced
pathogenesis of BPD.

Using 3D cryo-microscopy setup which | implementddalso studied the
structural changes in the vasculature of rat kidn@y diseases such as HHT-1
(Hereditary hemorrhagic telangiectasia) and diabetkile measuring the tissue redox
simultaneously. HHT-1 is a dominant vascular dysiplacaused by loss-of-function
mutations in the human Endoglin gene and leadsatwetes.

In this research, | targeted the vasculature inodtim old Endoglin heterozygote
(Eng +/-) mice was and showed that vasculature ortwn kidney from Eng +/- mice
have more branching, smaller caliber, smaller \Jessgerage, more tortuosity and
premature branching in respect to control mice.

The Endoglin knockout mouse also showed an incie@$&DH signal and
decreased FAD signal and as a result increased NAddHX ratio. As a result Eng +/-
kidney have more oxidized mitochondrial redox statel Eng +/+ kidney have more
reduced mitochondrial redox state as expected.

These results can be used to identify early pahtstervention to protect kidney

function during diabetes.
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5.2 FutureWork

The mice studied in cryo-micorscopy have some efsame vascular defects as
humans with Endoglin haploinsufficiency, and coaing this study can reveal some
unknown aspects of this disease, which could hefgndsing and quantifying the
amount of injury incident to the kidney by this elise. Especially when it is known that
the reduction in redox ratio is related to an iasee in the level of oxidative stress
occurring in the renal vasculature and proximauteb during diabetes.

The next step is improving the resolution of tigoemicroscopy one step further
to achieve cellular resolution. With that instrurhes could which provides us with the
utility to test the hypothesis that diabetes impabe cell function of renal vascular and
proximal tubule. Having cellular resolution willdd us to answer the following
guestions:

e Is renal endothelial cell function affected by dise?
e |s oxidative stress responsible for the change®rebd in lung vascular cells

during the disease?



81

Reference

[1] (January 2014)Symposium Highlights Emerging Role of 3D Tissueéing in
EHS Available:http://www.alttox.org/spotlight/056.html

[2] T. Vo-Dinh, Biomedical photonics handbadRoca Raton, Fla.: CRC Press, 2003.

[3] B. Alberts, Molecular biology of the celldth ed. New York: Garland Science,
2002.

[4] D. Voet, et al, Fundamentals of biochemistry : life at the molecldxel, 2nd ed.
Hoboken, N.J.: Wiley, 2006.

[5] N. R. Pace, "The universal nature of biochergjstProc Natl Acad Sci U S A,
vol. 98, pp. 805-8, Jan 30 2001.

[6] (March 2014)Powerhouse Rules: The Role of Mitochondria in HuD&eases
Available: http://ocw.mit.edu/courses/biology/7-342-powerhoendes-the-role-
of-mitochondria-in-human-diseases-spring-2011/

[7] E. N. Marieb and K. HoehnHuman anatomy & physiology8th ed. San
Francisco: Benjamin Cummings, 2010.

[8] J. L. Speeset al, "Mitochondrial transfer between cells can res@aszobic
respiration,"Proc Natl Acad Sci U S Apl. 103, pp. 1283-8, Jan 31 2006.

[9] D. Voet et al, Fundamentals of biochemistry : life at the molecldsel, 2nd ed
ed. New York: Wiley, 2006.

[10] (January 2014).The Electron Transport Chain Steps Simplifievailable:
http://www.dbriers.com/tutorials/2012/04/the-electitransport-chain-simplified/

[11] H. Lodish,Molecular cell biology 7th ed. New York, NY: W. H. Freeman and
Co., 2012.

[12] T. M. Devlin, Textbook of biochemistry : with clinical correlati® 7th ed.
Hoboken, NJ: John Wiley & Sons, 2011.

[13] N. Kango, Textbook of MicrobiologyNew Delhi: I.K. International Publishing
House Pvt. Ltd., 2010.



82

[14] A. B. Fisher, "Intermediary metabolism of theng," Environ Health Perspect,
vol. 55, pp. 149-58, Apr 1984.

[15] J. M. Mates and F. M. Sanchez-Jimenez, "Rdl@eactive oxygen species in
apoptosis: implications for cancer therapyt' J Biochem Cell Biolyol. 32, pp.
157-70, Feb 2000.

[16] W. L. Yen and D. J. Klionsky, "How to Live Lgnand Prosper: Autophagy,
Mitochondria, and Aging,Physiologyyol. 23, pp. 248-262, Oct 2008.

[17] B. Halliwell and J. M. C. Gutteridgé&ree radicals in biology and medicindth
ed. Oxford ; New York: Oxford University Press, Z00

[18] T. M. Buttke and P. A. Sandstrom, "OxidativieeSs as a Mediator of Apoptosis,”
Immunology Todawol. 15, pp. 7-10, Jan 1994.

[19] W. L. Yen and D. J. Klionsky, "How to live Ignand prosper: autophagy,
mitochondria, and agingPhysiology (Bethesdaypl. 23, pp. 248-62, Oct 2008.

[20] J. R. Lakowicz,Principles of fluorescence spectrosco@rd ed. New York:
Springer, 2006.

[21] S. L. Daugherty et al, "The association between medication adherence and
treatment intensification with blood pressure cointn resistant hypertension,”
Hypertensionyol. 60, pp. 303-9, Aug 2012.

[22] J. Ribas Gispert;oordination chemistryWeinheim: Wiley-VCH, 2008.

[23] (January 2014). Excitation and Emission FundamentalsAvailable:
http://www.olympusmicro.com/primer/techniques/flascence/excitation.html

[24] J. M. Christie et al, "LOV (light, oxygen, or voltage) domains of thiié-light
photoreceptor phototropin (nphl): binding sites fbe chromophore flavin
mononucleotide,Proc Natl Acad Sci U S Apl. 96, pp. 8779-83, Jul 20 1999.

[25] G. H. Pattersgnet al, "Separation of the glucose-stimulated cytoplasand
mitochondrial NAD(P)H responses in pancreatic ibletia cells,'Proc Natl Acad
Sci U S Ayol. 97, pp. 5203-7, May 9 2000.

[26] B. Chance and H. Baltscheffsky, "Respiratorynzygmes in oxidative
phosphorylation. VII. Binding of intramitochondriedduced pyridine nucleotide,”
J Biol Chemyol. 233, pp. 736-9, Sep 1958.



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

83

B. Chance et al, "Oxidation-reduction ratio studies of mitochoradin freeze-
trapped samples. NADH and flavoprotein fluorescesigeals,"J Biol Chemyol.
254, pp. 4764-71, Jun 10 1979.

S. L. Bernardet al, "High spatial resolution measurements of orgaodtlflow
in small laboratory animals,Am J Physiol Heart Circ Physiolol. 279, pp.
H2043-52, Nov 2000.

J. J. Kelly et al, "Regional blood flow measurements from fluorescen
microsphere images using an Imaging CryoMicrotonkeview of Scientific
Instrumentsyol. 71, pp. 228-234, Jan 2000.

(January 2014).EXi Aqua Bio-Imaging Microscopy CameraAvailable:
http://www.gimaging.com/products/cameras/scienfc_aqua.php

(January 2014). Rolera EM-C2™ Available:
http://www.gimaging.com/products/cameras/scienftifiera-emc2.php

J. L. Prince and J. M. Link$/edical imaging signals and systenupper Saddle
River, NJ: Pearson Prentice Hall, 2006.

(February 2014).LENS QUALITY: MTF, RESOLUTION & CONTRAST
Available: http://www.cambridgeincolour.com/tutorials/lens-tityamtf-
resolution.htm

(February 2014). Optical resolution Available:
http://en.wikipedia.org/wiki/Optical _resolution

(February 2014). Numerical Aperture and Resolution Available:
http://micro.magnet.fsu.edu/primer/anatomy/numaperhtml

(January 2014).Optem Zoom 125C 12.5:1 Micro-Inspection Lens System
Available: http://www.qioptig.com/optem-micro-12-5.html

J. W. Goodman/ntroduction to Fourier optics 3rd ed. Englewood, Colo.:
Roberts & Co., 2005.

(February 2014). Optical aberration Available:
http://en.wikipedia.org/wiki/Optical _aberration

A. K. GhatakOptics Boston: McGraw-Hill Higher Education, 2010.

(February  2014). What IS Chromatic  Aberration? Available:
http://photographylife.com/what-is-chromatic-ab&oa




[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

84

(February 2014). Chromatic aberration Available:
http://en.wikipedia.org/wiki/Chromatic_aberration

(February 2014). Magnification Available:
http://personalsecurityzone.com/riflescope schowl.h

A. H. Jobe and E. Bancalari, "Bronchopulmondygplasia,’American journal of
respiratory and critical care medicingpl. 163, pp. 1723-9, Jun 2001.

R. Sepehret al, "Optical Imaging of Lipopolysaccharide-Induced i@ative
Stress in Acute Lung Injury from Hyperoxia and Sgpslournal of Innovative
Optical Health Sciencespl. 6, Jul 2013.

S. Dias et al, "VEGF(165) promotes survival of leukemic cells bigp90-
mediated induction of Bcl-2 expression and apoptogiibition,”Blood, vol. 99,
pp. 2532-2540, Apr 1 2002.

S. Kondg et al, "Attenuation of retinal endothelial cell migrati@and capillary
morphogenesis in the absence of Bcl-2rherican Journal of Physiology-Cell
Physiologyyol. 294, pp. C1521-C1530, Jun 2008.

I. Georgakoudiet al, "NAD(P)H and collagen as in vivo quantitativedtescent
biomarkers of epithelial precancerous chang&€ahcer Researchyol. 62, pp.
682-7, Feb 1 2002.

N. Ramanujamet al, "In vivo diagnosis of cervical intraepithelial opgasia
using 337-nm-excited laser-induced fluoresceneeyt Natl Acad Sci U S Apl.
91, pp. 10193-7, Oct 11 1994.

B. Chanceet al, "Intracellular oxidation-reduction states in viv&cienceyol.
137, pp. 499-508, Aug 17 1962.

L. K. Klaidman et al, "High-performance liquid chromatography analysfs
oxidized and reduced pyridine dinucleotides in gmedrain regions,"Anal
Biochemyol. 228, pp. 312-7, Jul 1 1995.

K. A. Mcallister, et al, "Endoglin, a Tgf-Beta Binding-Protein of Endotiaél
Cells, Is the Gene for Hereditary Hemorrhagic Tegilactasia Type-1,Nature
Geneticsyol. 8, pp. 345-351, Dec 1994.

A. Alt, et al, "Structural and Functional Insights into Endoglingand
Recognition and BindingPlos Oneyol. 7, Feb 8 2012.



[53]

[54]

[55]

[56]

85

H. M. Arthur, et al, "Endoglin, an ancillary TGFbeta receptor, is reeg for
extraembryonic angiogenesis and plays a key rolkeiart development,Dev
Biol, vol. 217, pp. 42-53, Jan 1 2000.

A. Bourdeauet al, "A murine model of hereditary hemorrhagic telaugasia,'J
Clin Invest,vol. 104, pp. 1343-51, Nov 1999.

D. Y. Li, et al, "Defective angiogenesis in mice lacking Endogl®c¢ienceyol.
284, pp. 1534-7, May 28 1999.

M. Mahmoud et al, "Pathogenesis of arteriovenous malformationfiénabsence
of Endoglin,"Circ Resyol. 106, pp. 1425-33, Apr 30 2010.



	University of Wisconsin Milwaukee
	UWM Digital Commons
	August 2014

	Cryoimaging-Microscopy Implementation for 3D Optical Imaging
	Mohammad MasoudiMotlagh
	Recommended Citation


	Microsoft Word - 307994_supp_undefined_ABEEF922-21B0-11E4-A378-5D2BEF8616FA.docx

