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Abstract

Background—Significant mortality and morbidity are associated with alterations in the
pulmonary vasculature. While techniques have been described for quantitative morphometry of
whole-lung arterial trees in larger animals, no methods have been described in mice. We report a
method for the quantitative assessment of murine pulmonary arterial vasculature using high-
resolution computed tomography scanning.

Methods—Mice were harvested at 2 weeks, 4 weeks, and 3 months of age. The pulmonary artery
vascular tree was pressure perfused to maximal dilation with a radio-opaque casting material with
viscosity and pressure set to prevent capillary transit and venous filling. The lungs were fixed and
scanned on a specimen computed tomography scanner at 8-um resolution, and the vessels were
segmented. Vessels were grouped into categories based on lumen diameter and branch generation.

Results—Robust high-resolution segmentation was achieved, permitting detailed quantitation of
pulmonary vascular morphometrics. As expected, postnatal lung development was associated with
progressive increase in small-vessel number and arterial branching complexity.

Conclusions—These methods for quantitative analysis of the pulmonary vasculature in
postnatal and adult mice provide a useful tool for the evaluation of mouse models of disease that
affect the pulmonary vasculature.
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Introduction

The lung is a complex organ that is composed of airways, blood vessels, and parenchyma.
Acquired diseases such as emphysema and bronchopulmonary dysplasia, and congenital
diseases such as congenital diaphragmatic hernia, congenital heart disease, and primary
pulmonary hypertension may have alterations in the pulmonary vasculature from vessel wall
remodeling and reduction in vessel numbers due to vessel rarefaction or failed angiogenesis.
1-6 pylmonary hypertension is a source of significant morbidity and mortality. The
mechanisms are not fully understood, and treatments to prevent or reverse it are lacking.

Animal models have been used to investigate the histology, physiology, and molecular
mechanisms of pulmonary hypertension and pulmonary vascular disease.”2 A major
limitation in studying pulmonary hypertension and other pulmonary vascular disease is the
lack of appropriate quantitative morphometric techniques to evaluate the entire intact
pulmonary vascular tree. Current analysis of the pulmonary vasculature is restricted to
histologic or stereologic techniques that require the use of random or systematic sampling
from two-dimensional tissue sections to draw conclusions about three-dimensional (3D)
structure.19-15 \erified techniques such as point discrimination, line intercept count, and
transection count use standardized methods such as a uniform grid to overlay on tissue
section images and thus limit the amount of error associated with probing the structures of
interest.10:14.16-18 5,ch methods are limited by the assumption that each analyzed sample is
sufficiently random yet simultaneously representative of the entire lung.19 Hence, these
methods do not account for the full complexity of the pulmonary vasculature. Furthermore,
they do not allow whole-lung evaluation of branch-patterning, vessel generation, length,
diameter, or volume of the pulmonary vasculature. Moreover, tissue sections alone may miss
the true density of blood vessels or changes in vessel density and structure from one lobe to
another.1®

In recent years, 3D techniques to evaluate the pulmonary vasculature in small animal models
have evolved to avoid the above limitations. Multidetector computed tomography (CT),
magnetic resonance imaging, and micro-CT (UCT) have been used.}419-22 Micro-CT has a
number of advantages. Images can be acquired /77 vivo or on postmortem tissue samples.
Analysis may be combined with unbiased sampling procedures and can encompass the
entire pulmonary vascular tree.1420.22 yCT can acquire images with resolution that is
comparable to microscopy.14 Recently, uCT was combined with arterial casting to evaluate
pulmonary vascular development in the rat. Data were obtained and analyzed with
proprietary software to provide automated measurements.2? Besides the limitation of using
noncommercially available software, few studies have applied these techniques to mice.
Mouse models of pulmonary vascular disease are important for understanding the basis of
pulmonary vascular disease. Thus, the purpose of this study was to develop a method for
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quantitative analysis of the total murine lung vascular tree using current techniques and
commercially available software.

Materials and methods

Animals

Male C57BL/6-SVJ/129 hybrid mice from our existing colony were sacrificed at 2 weeks, 4
weeks, and 3 months (adult). Animal care and procedures were approved by the University
of North Carolina Institutional Animal Care and Use Committee.

Lung perfusion and casting technique

Perfusion cannulas were constructed by inserting polyethylene-10 (PE-10) into
polyethylene-50 (PE-50) tubing (Solomon Scientific, San Antonio, TX) in which a wire
mandrel was inserted to maintain luminal patency during heating over a soldering iron tip to
seal the tubing and form a trumpeted tip.

Mice were deeply anesthetized with isoflurane, heparinized, and lungs harvested either with
or without measurement of right ventricular pressure. After removal of the anterior chest
wall, the pulmonary artery was cannulated through the right ventricle, the left atrium incised,
and the lungs perfused with 200 pL of phosphate-buffered saline containing sodium
nitroprusside (104 M) to ensure maximum vessel dilation. The trachea was then cannulated
with PE-10 tubing and inflated to 20 cm H»0 with 4% paraformaldehyde (Fig. 1A). Microfil
(Flowtech Inc, Carver, MA), which was mixed in a ratio of 800 pL of Microfil, 100 pL of
diluent, and 100 pL of casting agent to achieve a viscosity tailored to minimize capillary and
venous transit, was slowly infused under a dissecting microscope. After the Microfil
solidified, the trachea was ligated to maintain airway distension, and the lungs and/or trachea
excised and fixed in paraformaldehyde for 24 hours.

Tissue imaging and analysis

Lungs were scanned on a MicroCT 40 (Scanco Medical, Wayne, PA). CT scans were
obtained using the following settings: field of view (16 mm), energy or intensity (70 kVp,
114 pA, 8W), high resolution (i.e., 1000 projections), voxel size (8 yum), and an integration
time (200 ms). This produced DICOM images at 8-um resolution. Data (DICOM) were
analyzed using Amira 5.5.0 software (FEI, Hillsboro, Oregon). A 3D reconstruction of the
pulmonary arterial tree was achieved with multiple steps. Threshold segmentation identified
the material of interest and was optimized by specimen. If bubbles were present within the
arterial cast, a segmentation tool removed the bubbles with the command “Fill Holes.”
Images were processed with default settings using the “Remove Islands” and “Smoothing”
segmentation functions. Connected components were attached to the Labelfield with a
minimum size threshold of 100 pixels and a maximum size threshold of 0. “Connected
components options” for “Labelfield” and “Spreadsheet” were selected as output styles, and
“Preserve Exterior” was left unchecked. Next, material of interest was identified within the
spreadsheet by identifying the largest nonexterior material available and noting the material
designation (i.e., material X). Compute-arithmetic function was performed by designating
the function to be performed on the material identified by the spreadsheet as A = X. A
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Castfield was generated from the result, and the output type selected is Labelfield. Using the
Castfield generation, autos-keletonization was performed on the generated Labelfield (Fig.
1B).

Three consecutive images were created from the cast of the lung vessels. The first image was
the node visualization where a ball is present at each branch point in the vascular tree (Fig.
2A). The second was the skeletonized image where a line represents the centerline for each
vessel (Fig. 2B). The third image was the reconstruction of the lung cast (Fig. 2C). Once the
autoskeleton image was generated, loops were then identified using the Filament editor
function. “Loops” are nonanatomic and false connections between two vessels that are
artifacts from reconstruction of the vascular tree. Nonanatomic “loops” were removed
manually and sequentially to preserve normal branching and to create a ranked vascular tree.

“Generations” within the vascular tree are assigned based on progressive dichotomous
branching with the main pulmonary artery designated as the trunk of the tree (generation 1).
An increase in the order of branching was assigned an increase in the generation, with
higher generation number with greater distance from the trunk of the vascular tree. All
segments received a generation assignment. Reconstructed vascular trees were deemed
appropriate if an entire tree produced less than 150 “loops”. The latter abnormal segments
prevent the ranking of the vessel segments as the software is unable to rank branches which
form a loop. Using the spatial graph view, images of the vascular tree were generated and
spatial graph analysis was performed. Spatial graph data provided the total number of
segments, mean segment radius, segment length, segment volume, and the number of
segments at each vessel rank. Segments were then grouped based on luminal diameter (<25
pm, 25-75 pm, 75-150 um, and >150 pm) and compared. The degree of vessel branching
was analyzed by comparing the number of vessels at each vessel generation. After uCT
scanning, lungs were cleared using daily serial ethanol washes (25%, 50%, 75%, 95%, and
100%), then final immersion in methyl salicylate according to the manufacturers
specifications (Flowtech Inc). Photomicrographs were acquired at 9x and 30x magnification
and analyzed using ImageJ (NIH).

Statistical analysis

Results

Data are presented as mean standard error of mean and were tested for significance (P<
0.05) by #tests or analysis of variance (ANOVA), followed by Bonferroni tests or Kruskal—
Wallis tests where appropriate (GraphPad Prism v 5, San Diego, CA). Three animals were
used in each experimental group.

Cleared lungs from three different mice from each age group showed qualitative increases in
vascular complexity and density (Fig. 3A and C). The tortuosity and dilated nature of the
main pulmonary artery declined with adulthood (Fig. 3E). Inspection of the lung periphery
at high magnification revealed that more of the “side” branches of high-generation vessels
are present in the periphery of the lung at 2 weeks (Fig. 3B). By 4 weeks, there were high-
generation side branches that sprouted off of the entire length of the secondary and tertiary
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generation branches (Fig. 3D). The branching pattern filled the lung and was highly
organized in the adult (Fig. 3E and F).

Three mice were scanned in each age group. Each exhibited between 50 and 150
nonanatomic loops that were identified and removed, followed by 3D reconstruction (Fig.
4). Consistent with the gross imaging (Fig. 3), density, complexity, and branch-order
qualitatively increased with age (Fig. 4). The number of vessels increased with age although
it did not reach statistical significance by ANOVA (P = 0.37), while the number of
generations in the vascular tree peaked at 4 weeks (Fig. 5A and B). Differences in the
number of generations were not statistically significant between age groups by ANOVA (P=
0.37). The number of vessels within a given range of lumen diameter increased with growth
to adulthood (Fig. 5C) while vessel lengths did not (Fig. 5D).

To evaluate the number of vessels in relation to the complexity of branching, mean vessel
number as a function of generation was determined for each age group. The number of
vessels for a given generation grouping increased with age, although the differences within a
grouping were not significant (Fig. 6A).

Lungs from 2 week and adult mice perfused with Microfil were prepared for histologic
analysis, sectioned, and images were acquired. Manual counts for filled vessels were
obtained from random images (Fig. 6B). As expected, the number of vessels was
significantly greater in the adult.

Discussion

This study combined high-resolution CT, vascular casting of cleared whole-lung, histologic
analysis, and automated quantification of vessels with commercially available software to
evaluate the murine pulmonary vasculature. Generation number, vessel lengths, diameters,
and densities were determined with the methods developed for this study. This study is
important because it uses a readily available method for automated quantification of the
entire mouse pulmonary vasculature with high resolution. Moreover, the techniques from
this study can be applied to mouse models for pulmonary hypertension and other forms of
pulmonary vascular disease where vessel rarefaction, failed angiogenesis, or inappropriate
angiogenesis are a part of the pathogenesis of pulmonary hypertension.#6.23.24 The
mechanisms are not understood, and there is no treatment. Analysis derived by techniques
from this study may elucidate the mechanisms that drive the pathologic changes that occur
in mouse models for pulmonary hypertension and pulmonary vascular disease.

Past morphometric methods to study the pulmonary vasculature in humans and animals
involved stereology of histologic sections, corrosion casts, arteriograms, and CT scans.
10.,11,20-22,25-28 Traditional methods evaluate as few as 0.1% of vessels in the lung and do
not always capture areas representative of the entire lung.13-1528 The use of pCT with 3D
reconstruction of the pulmonary vasculature is an improvement over traditional techniques
because it permits hierarchical vessel analysis, automates vessel measurements, avoids
random sampling of histologic sections, and captures the entire vascular tree including the
smallest vessels.13:1520.22.29 |, CT with 3D reconstruction of the pulmonary vasculature has
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been used in rodent models, but to date, only one such study has been performed in mice. In
that study, the authors did not demonstrate the full complexity of vessel branching or use of
resolution capable of showing small vessels.20 The smallest vessels identified were 160 pm
in diameter and were only measured down to eight generations.2? The present methods allow
measurement of vessels as small as 8 um in diameter and greater than 50 generations into
the vascular tree. The latter study and the present study used the same software for analysis.
However, to visualize the pulmonary vasculature, Counter et a/20 used intravenous contrast,
which they cited as having uneven distribution that led to the poor vessel resolution. The
present study uses Microfil, which provides even distribution and sufficient viscosity to
prevent capillary and venous transit. Razavi er /.22 used Microfil to study the rat pulmonary
vasculature and achieved resolution to 12.5 pm.

In the past, most groups have developed proprietary computer software.22 The present study
used the commercially available software, Amira, to reconstruct images and perform the
analysis. The advantages of Amira are that it is commercially available, flexible, and easy to
use.

As expected, there was an increase in vessel number with age. The largest increase occurred
between 2 weeks and 4 weeks and between the 21st and 40th generation, with vessels having
diameters of 75 pm and below. To date and to the knowledge of the authors, there is no
mouse study that can be used as a comparison for our time series developmental data, but the
data in this study are consistent with pulmonary vascular development in rats and humans.
22,30 Unexpectedly, this study showed no difference in vessel length with age or according to
diameter. Counter et a/20 reported similar findings, where the length of vessel segments was
consistent throughout the lung. Branching in the pulmonary vasculature is fractal in nature,
wherein the length of vessels segments between branch points is consistent throughout the
vascular tree.29 Thus, vessel length is not responsible for complexity or variance in the
mouse pulmonary vasculature. Rather, complexity is determined by the degree of
progressively increasing branching or generation.3! In our study, generations peaked at 4
weeks and then slightly decreased by adulthood. Gross observations of whole lung and
histologic vessel quantification supported our data from CT scans.

This study has limitations. Filling of the vascular tree by manual injection and direct
visualization of the pulmonary vascular tree can lead to overfilling or disruption of vessels.
When this was encountered, the specimen was not used for analysis. This problem can be
overcome with automatic injectors, although variation in catheters and animals may then
surface as a new problem. We thus relied on manual injection while viewing the surface of
the lung, which we found to yield good results. Image reconstruction led to loops, i.e., false
continuity between two vessels. The loops had to be removed manually before measurement
and quantification. The manual removal of loops may lead to bias if incorrectly removed or
if not recognized. All measurements were made postmortem which does not allow for
multiple or longitudinal measurements in the same animal, a previous limitation.2%-22 A final
limitation, UCT scanners are expensive. In the absence of such instrumentation, the casting
and clearing methods that we describe here permit a certain level of manual morphometry
when combined with progressive dissection through the depth of the lung lobe.
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Conclusions

In

conclusion, we describe methods for automated quantitative morphometry of the

pulmonary vasculature of the mouse. This limits the possibility for bias that can occur when

us

ing sampling or supervised stereologic techniques. We believe that these methods will aid

lung imaging in mouse models of pulmonary vascular disease.
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Fig. 1.
(A) The diagram of the cannulation process for pulmonary arterial perfusion and pulmonary

airway perfusion. After removal of the anterior chest wall, using a dissection microscope,
the pulmonary artery (PA) is cannulated with a polyethylene (PE) tubing through a small
incision in the right ventricle (RV). A tie secures the catheter in the PA and prevents leakage.
A tracheotomy is performed to cannulate the trachea with PE tubing above the level of the
carina. A tie secures the cannula within the trachea. (B) Flowchart of the “work flow” for
processing the acquired images, 3D reconstruction, and analysis of the images.
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Fig. 2.

In?ages created using Amira during the workflow process to create the reconstructed image
of the pulmonary vasculature. Represented are three images from the same cast of the
pulmonary vasculature. (A) Node visualization—each branch point in the vascular tree is
represented by a ball. (B) Skeleton-the skeletonized view shows a line that represents the
centerline of each vessel. (C) Reconstructed lung—the image depicts the final reconstruction
of the lung cast. (Color version of figure is available online.)
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2 Week

Fig. 3.
Mouse lungs that have been perfused through the pulmonary vasculature with Microfil and

cleared. Each lung is representative of their respective age group. Age groups: 2 weeks (A,
B); 4 weeks (C, D); adult (E, F). Images were acquired by dissecting microscope. Whole
lung: 9% magnificationd(A, C, E) lung periphery: 30x magnificationd(B, D, F). The lungs
grossly demonstrate an increase in complexity and number of vessels in the pulmonary
arterial tree across development. “Side branches” of major pulmonary arteries appear in
greater abundance in the periphery (arrow) of 2-week mice then the proximal (arrowhead)
pulmonary vasculature (2B). Side branches have filled and sprouted from proximal
pulmonary vessels by 4 weeks (2D). (Color version of figure is available online.)
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Fig. 4.

Regconstructed of images of the mouse pulmonary vasculature at (A) 2 weeks of age, (B) 4
weeks of age, and (C) 3 months of age. The generation of a vessel is represented by a color
gradient from blue (low) to red (high). Qualitatively, there is increased density and
complexity in the pulmonary vasculature as age increases. (Color version of figure is
available online.)
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Fig. 5.
(A?) The graph shows the mean number of vessels by age group. The number of vessels
increased with age. Comparisons between groups were not statistically significant (P =
0.37). (B) The graph shows the mean number of generations by age group. The mean
number peaks at 4 weeks and slightly decreases in adulthood. Comparisons between age
groups did not demonstrate statistically significant differences. (£= 0.37). (C) The graph
shows the mean vessel counts by diameter of the vessels divided into size categories for each
age group. Statistically significant differences are present between adult and 2-week mice
for the <25 mm and 25-75 mm size categories and between the adult and 4-week mice for
the <25 mm size category. No statistically significant differences are present between 4-
week and 2-week mice. (*£< 0.05 adult versus 2 weeks; **P< 0.01 Adult versus 4 weeks).
(D) The graph shows the vessel length as it relates to the established vessel size categories.
The highest vessel lengths in each size category are at the 4-week time point. Comparisons
between groups failed to demonstrate differences.
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Fig. 6.

(A) The graph shows the mean number of vessels at each age. The means of each age were
compared to one another within the generation grouping. While the mean vessel number
increases in accordance with the age cohort, none of the differences were found to be
statistically significant. There is a peak in the number of vessels for each age cohort in the
21-30 rank grouping. (B) The graph demonstrates a statistically significant difference with a
greater number of vessels per high-powered field in adult mice in comparison to 2-week
mice. (*£ < 0.0001; whiskers on box plot represent the maximum and minimum vessels per
high-powered field). (C and D) Hematoxylin and eosin-stained micrographs from C-2 week
and D-adult mice at 100x magnification. Filled arteries are black. (Color version of figure is
available online.)
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