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ABSTRACT

New optical techniques have the potential to fill the gap between radiological and microscopic approaches to assess
the lung’s internal structure. Since its quantitative assessment requires unbiased sampling and measurement
principles, imaging of the whole lung with sufficient resolution for visualizing details is important. To address
this request, we applied scanning laser optical tomography (SLOT) for the three dimensional imaging of mouse
lung ez vivo. SLOT is a highly efficient fluorescence and transmission microscopy technique allowing for 3D
imaging of specimen of sizes up to several millimeters. Previously fixed lung lobes and whole lungs were optically
cleared and subsequently imaged with SLOT while making use of intrinsic contrast mechanisms like absorption
and autofluorescence. Imaging of airways, blood vessels and parenchyma is demonstrated. Volumetric SLOT
datasets of the lung’s internal structure can be analyzed in any preferred planar orientation. Moreover, the
sample preparation preserves microscopic structure of the lung and allows for subsequent correlative histologic
studies. In summary, SLOT is a useful technique to visualize and survey the internal structure of mouse lung
at different scales and with various contrast mechanisms. Potential applications of SLOT in lung research are
e.g. quantitative phenotype analysis of mouse models of human lung disease in combination with stereological
methods.
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1. INTRODUCTION

Radiological methods like X-ray based computed tomography (CT) or magnetic resonance imaging (MRI) proved
to be useful for assessing the lung’s internal structure.! These techniques are capable of imaging the whole organ
in vivo but are limited in resolution. This disadvantage can be overcome by the application of standard wide
field or electron microscopy'™® which provide high resolution but are usually based on sections from samples
after fixation, embedding and sectioning. Moreover, the histologic procedure tends to be time-consuming and
does not allow the three dimensional analysis of the internal lung structure.

Advanced optical imaging techniques like confocal fluorescence endomicroscopy,® multiphoton microscopy
(MPM),5" fluorescence molecular tomography (FMT)®? and optical coherence tomography (OCT)'® over-
come these constraints and may fill the imaging gap, in particular in experimental studies. These techniques do
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Figure 1. Workflow chart of the sample preparation. (See?? for details.)

not require tissue fixation and endoscopic applications allow for observation of bronchial epithelial and subep-
ithelial regions in vivo. However, the strong light scattering of native i.e. optically uncleared tissue restricts the
penetration depth making it challenging to image larger samples or whole organs at high resolution.

Since the quantitative assessment of the lung requires unbiased sampling and measurement principles,'6
techniques for lung imaging should permit access to the whole lung and provide high optical resolution for the
visualization of structural details. Particularly promising in this respect is the recently introduced scanning laser
optical tomography (SLOT).!” SLOT is a highly efficient fluorescence and transmission microscopy technique
allowing for 3D imaging of specimen of sizes up to several millimeters. Similary to optical projection tomography
(OPT),'® SLOT can be seen as a light equivalent of X-ray CT. However, SLOT does provide a significantly
higher photon collection efficiency and therefore higher sensitivity compared to OPT. Besides the detection of
fluorescent markers, SLOT is able to make use of intrinsic contrast mechanisms like autofluorescence, absorption
and scattered light'® which can be detected simultaneously. It needs to be pointed out, that light scattered
within the specimen may limit the penetration depth but also provides image information in SLOT.

The application of SLOT presented here focuses on its ability to image the mouse lung at different scales.
Thereby, signals of intrinsic contrast mechanisms namely absorption and autofluorescence were utilized in trans-
mission and fluorescence detection mode to visualize structural details within the lung (airways, blood vessels,

acini, alveoli).

2. MATERIALS AND METHODS

Mice. C57BL/6 mice were used.?%2! Animals were housed in an animal facility at Hannover Medical School,
with food and water provided ad libitum. All animals received humane care in compliance with the “Principles of
Laboratory Animal Care” formulated by the National Society for Medical Research and the “Guide for the Care
and Use of Laboratory Animals”, published by the National Institute of Health (NTH publication 85-23, revised
in 1996). The protocol is in compliance with the Protection of Animals Act and approved by the bioethical
committee of the district of Lower Saxony.

Lung processing. The workflow and processing steps illustrated in Figure 1 are described in detail elsewhere.??
Lungs were fixed in situ by intravascular perfusion. For subsequent optical clearing of the lungs dehydration
was performed in an increasing ethanol series of 30, 50, 70, 90 and 99.8 % ethanol with at least 2 h incubation
time per step. Afterwards, lungs were transferred in a mixture of 3 parts methylsalicylic acid (MS) and 2 parts
benzyl benzoate (BB) for refractive index matching?® (corresponding to a refractive index of 1.553). Samples
appeared optically clear after 2-3 h and stayed immersed for measurements with SLOT.

SLOT imaging. The SLOT setup is shown in Figure 2. A light source (laser diode, 532 nm, cw, 10mW, not
shown here) is coupled into the SLOT setup via single mode fiber (450-600 nm FC/PC Single Mode, Mode Field
Diameter 3.5 pm at 515 nm). The beam diameter is adjusted by a 10x motorized zoom lens (1/2" 12-120mm f1.8,
computar, CBC (AMERICA) Corp., Commack, NY 11725, USA) to determine the numerical aperture (NA) of
the optical system in the illumination path and thereby optical resolution and depth of field. The beam is scanned
through a telecentric f~theta lens (80mm, 532nm, Sill Optics GmbH & Co. KG, D-90530 Wendelstein, Germany)
by a set of galvanometer-scanning mirrors (ProSeries II Scan Head - 14 mm, Cambridge Technology, Inc., 82152
Planegg, Germany) into a glass cuvette with the specimen immersed in clearing solution. A photodiode (PD)
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Figure 2. SLOT setup. The laser source (not shown here) is coupled into the setup via single mode fiber (1). The beam
diameter is adjusted by a 10x motorized zoom lens (2) to determine the numerical aperture (NA) of the optical system
in the illumination path. The laser is scanned (3) through a telecentric f-theta lens (4) into a glass cuvette (5) filled with
immersion liquid to acquire projection images of the specimen. Therefore, transmitted light is detected by a photodiode
(6, PD) on the optical axis behind the cuvette. Simultaneously, the autofluorescence signal is guided by a fiber bundle
(7) below the cuvette, collected by a lens system (8) and detected by a photomultiplier tube (9, PMT). The optical filter
blocks the excitation light of the laser source. A rotation stage (10) is used to rotate the specimen within the cuvette.

(PDA36A, Thorlabs, Karlsruhe, Germany) on the optical axis of the system behind the cuvette detects the
transmitted laser light to acquire projection images of the extinction. In addition, autofluorescence excited by
the 532 nm laser and emitted in the direction of the bottom of the cuvette is detected by a photomultiplier
tube (PMT) (R3896, Hamamatsu Photonics K.K., Hamamatsu City, Japan) to obtain projection images of the
autofluorescence. Therefore, a fiber bundle guides fluorescence from the bottom of the cuvette to a lens system
with an optical band pass filter (FF01-624/40-25, Semrock, Lake Forest, IL) which is used to direct the emitted
light onto the PMT and to block scattered laser light. A mechanical rotation stage (M60, Physik Instrumente
(PI) GmbH & Co. KG, 76228 Karlsruhe/Palmbach, Germany) rotates the specimen to achieve projection images
from multiple viewing angles. The setup allows the simultaneous acquisition of a pair of projection images by
using transmitted light (via PD) and autofluorescence (via PMT). Each projection image is formed by scanning
700x700 points through the sample within 2.7 s. By successively capturing projection images and rotating the
specimen 360 degrees, a pair of projection image sets is generated, each consisting of 600 images and covering a
full revolution (i.e. every 0.6 degrees a projection image pair is captured). Thus, the total time for the acquisition
of a full scan is about 27 minutes. To reconstruct a projection image set, custom software is applied performing
a filtered back projection algorithm as known from OPT and CT.?* Thereby a volumetric data stack is created
that represents a three-dimensional image of the specimen. All projection data sets and volumetric data stacks
were clipped and visualized with the open source software ImagelJ.

Light microscopy. For subsequent light microscopic analysis, the cleared accessory lobes were treated with
a decreasing acetone series ranging from 100% - 25% acetone in 25% steps for 1 hour each. Samples were then
osmicated, immersed in half-saturated aqueous uranyl acetate, dehydrated in acetone and finally embedded in
glycol methacrylate (Technovit 8100, Heraeus Kulzer, Wehrheim, Germany). Sections of a thickness of 1.5 pm
were cut and stained with toluidine blue for correlative light microscopy.
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3. RESULTS

To allow the illumination laser to penetrate the lung tissue without scattering, the lungs were optically cleared
by replacing the water with a mixture of MS/BB. Optical clearing of biological samples for conventional light
microscopy using MS/BB was established by Spalteholz?® in 1911.

After imaging with SLOT, the clearing process was reversed via treatment with 100% acetone. Accessory
lobes were embedded in glycol methacrylate for histological comparison with lungs that were conventionally
embedded for histology.??

The optical resolution of SLOT depends on the spatial extent of the investigated sample in beam direction,
since the NA of the illumination laser beam has to be adjusted until the specimen is covered by the depth of
field.'” Therefore, imaging the accessory lobe with its thickness of about 2 mm requires an NA of 0.028. This
results in a theoretical resolution of 9.3 pm at a laser wavelength of 532 nm which is the theoretical optical
resolution for the whole volumetric data stack of the lobe.

Figure 3 A shows a projection image of one of 600 projections generated via transmission of the 532 nm laser
through the accessory lobe. Due to high absorption of erythrocytes at 532 nm, the erythrocytes remaining in
the blood vessels produce a strong signal drop in the transmission mode. In contrast, blood vessels, which are
largely washed out during the fixation procedure, are barely detectable. The corresponding projection generated
via detection of autofluorescence is shown in Figure 3 B. Using this contrast mechanism, both the bronchial tree
as well as alveolar ducts and alveoli are apparent. While bronchiolar walls stand out via strong autofluorescence,
the structure of the acini, alveolar ducts and alveoli, can also be visualized despite their weaker autofluorescence
due to the high sensitivity of SLOT. Figure 3 C is an overlay image of the inverted transmission image (Figure
3 A, red) and the autofluorescence image (Figure 3 B, green). It gives a holistic view of the blood vessel (red)
and airway (green) structure of the accessory lobe. The projection raw data in Figure 3 demonstrates that the
actual resolution is sufficient for visualization of conducting airways and blood vessels in the center of the lobe
as well as acinar airways including alveoli in the periphery.

To obtain volumetric data stacks from projection raw data sets, reconstruction via filtered back projection
was performed. Thereby stacks of optical slices are generated each slice having a thickness of 6.5 pm (linear
voxel size) and allowing the comparison with conventional histology, which is illustrated in Figure 4. It verifies
the notion, that the strong autofluorescence originates from the bronchiolar walls (epithelium and sub-epithelial
connective tissue), whereas absorption of the 532 nm laser occurs predominantly in blood vessels filled with
erythrocytes. However, it should be noted that the fine structure of the parenchyma down to single alveoli can
be seen in both in transmission and autofluorescence.

To study the potential of SLOT to image even larger specimen, projection images of a whole mouse lung
were acquired. Figure 5 A shows an inverted projection image detected in transmission mode of a whole mouse

Figure 3. SLOT projection images. A: Transmission image (PD detection) showing blood vessels due to the absorbent
properties of the erythrocytes at 532 nm. B: Autofluorescence (PMT detection) image showing airways, acini, alveolar
ducts and alveoli. C: Overlay of the autofluorescence in green and the transmission in red. Scale bars are 500 pm.
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Figure 4. Image correlation of histology and SLOT. Histological section of the accessory lobe by light microscopy (A) and
optical slice of nearly the same section obtained by SLOT (B). The overlay of the absorption (red) and the autofluorescence
(green) shows similar structures as the histological section. The bronchiolar walls are visualized due to the strong
autofluorescence signal of the epithelium and sub-epithelial connective tissue while small blood vessels are visible through
the absorbent properties of the erythrocytes. Scale bars are 500 pm.

lung (week 3) illuminated at a wavelength of 532 nm. Since the lung was washed out very thoroughly, almost
no blood vessels are visible due to the absence of erythrocytes. A reconstructed optical slice of this projection
data set through the whole mouse lung is shown in Figure 5 B. Airways and acini are clearly visible in the outer
part of the lung. Due to the thickness of this specimen of about 9.5 mm, an NA of 0.013 is required resulting in
a theoretical optical resolution of 20 pm for the whole mouse lung.

4. DISCUSSION

Scanning laser optical tomography (SLOT) is a highly efficient fluorescence and transmission microscopy tech-
nique allowing for 3D imaging of specimen of sizes up to several millimeters. Here, SLOT was used as a tool
for imaging the mouse lung at different length scales. Whole lung lobes are visualized ez vivo with an optical
resolution down to the level of alveoli. The acquisition of volumetric data from whole mouse lungs ex vivo is
demonstrated. Thereby, spatial information is fully preserved allowing the analysis of airways and blood in any
preferred orientation.

The physical properties of the intrinsic contrast mechanisms like autofluorescence in lung tissue that can be
utilized with SLOT are not fully clear yet and remain to be determined in detail in future studies. A further
point that needs to be addressed in this context is the influence of the lung fixation technique, in particular the
route of fixation and the chemical composition of the fixative. Also, the visualization of blood vessels depends on
the degree to which erythrocytes are flushed out during perfusion. Therefore, depending on the specific purpose
of the study, the fixation protocol may have to be adapted accordingly.?® However, it should be pointed out that
specific labeling of target structures with fluorescent markers are possible in SLOT' just as OPT.26

In comparison to other imaging modalities, SLOT is an efficient and convenient technique which enables to
record both fluorescent and non-fluorescent volumetric data from intact samples of a size of several millime-
ters.!”1? Besides whole lobes from mouse lungs, tissue samples of similar size from large animal or human lungs
can be analyzed with the same optical resolution. Moreover, due to the large field of view provided by the f-theta
lens, even larger specimen of up to 40 mm may be imaged with SLOT. One limitation of this approach is that
the samples need to be transparent, i.e. suitable clearing protocols have to be employed. The lung with its low
tissue volume fraction and large connected inner spaces is particularly suited for optical clearing. However, in
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Figure 5. Imaging a whole mouse lung with SLOT. A: Inverted projection image detected in transmission mode (with
PD). B: Optical slice through the related volumetric data stack. Scale bars are 1 mm.

very dense and large organs clearing can be challenging. Lung tissue can easily be cleared for SLOT while still
maintaining tissue fine structure for subsequent histologic analysis.

Potential applications of SLOT in lung research are e.g. quantitative phenotype analysis of mouse models of
human lung disease. Here, SLOT can be used in combination with stereological methods.'% 22,27

In summary, we were able to show that scanning laser optical tomography (SLOT) is a useful technique
to study the internal structure of the entire mouse lung. Our ongoing studies focus on obtaining quantitative
information by combining SLOT and stereology, in particular in mouse models of lung injury and disease.
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