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Abstract

Background: The microvasculature is the network of blood vessels involved in delivering nutrients and gases necessary for
tissue survival. Study of the microvasculature often involves immunohistological methods. While useful for visualizing
microvasculature at the mm scale in specific regions of interest, immunohistology is not well suited to visualize the global
microvascular architecture in an organ. Hence, use of immunohistology precludes visualization of the entire
microvasculature of an organ, and thus impedes study of global changes in the microvasculature that occur in concert
with changes in tissue due to various disease states. Therefore, there is a critical need for a simple, relatively rapid technique
that will facilitate visualization of the microvascular network of an entire tissue.

Methodology/Principal Findings: The systemic vasculature of a mouse is stained with the fluorescent lipophilic dye DiI
using a method called ‘‘vessel painting’’. The brain, or other organ of interest, is harvested and fixed in 4%
paraformaldehyde. The organ is then sliced into 1 mm sections and optically cleared, or made transparent, using
FocusClear, a proprietary optical clearing agent. After optical clearing, the DiI-labeled tissue microvasculature is imaged
using confocal fluorescence microscopy and adjacent image stacks tiled together to produce a depth-encoded map of the
microvasculature in the tissue slice. We demonstrated that the use of optical clearing enhances both the tissue imaging
depth and the estimate of the vascular density. Using our ‘‘optical histology’’ technique, we visualized microvasculature in
the mouse brain to a depth of 850 mm.

Conclusions/Significance: Presented here are maps of the microvasculature in 1 mm thick slices of mouse brain. Using
combined optical clearing and optical imaging techniques, we devised a methodology to enhance the visualization of the
microvasculature in thick tissues. We believe this technique could potentially be used to generate a three-dimensional map
of the microvasculature in an entire organ.
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Introduction

The survival of mammalian tissue is dependent on the delivery

of nutrients and growth factors and the exchange of oxygen and

carbon dioxide gases. Nutrient delivery and gas exchange is done

through the blood, which travels through the large feeder blood

vessels of the vascular system to a network of small blood vessels

and finally to the tissue. This network of small blood vessels is

known as the microvasculature and its primary functions are

twofold: 1) to transport blood to the tissue 2) in doing so, to

facilitate delivery of essential nutrients from the blood and

exchange gases with the surrounding tissue that are necessary

for tissue survival. Thus, the microvasculature plays a pivotal role

in the survival and function of tissue and, as a result, the study of

the microvasculature in both normal and diseased states is

important. The role of the microvasculature has previously been

investigated in tumors [1–4], the cardiovascular system [5–7], the

brain [8], the eye [9,10], and skin [11,12].

The gold-standard method of visualizing tissue microvascula-

ture is the well-established immunohistochemistry technique [13–

15]. Briefly, immunohistochemistry involves the staining of thin

tissue slices with fluorescently-labeled antibodies that bind

selectively to molecular markers of interest in the tissue, such as

the CD31 marker for microvasculature. Once the tissues are

stained, a fluorescence microscope is used to visualize and obtain

images of the markers that can aid researchers in investigating and

understanding the disease state of the tissue. The tissue slices used

in immunohistochemistry are typically 1–5 mm in thickness and

allow for very detailed, cellular-level interrogation of tissue. Using

immunohistochemistry to visualize microvasculature in tissue

yields extremely detailed images, but is limited to small spatial

regions of interest, typically on the order of hundreds of mm. A

single immunohistology slice will allow visualization of several
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microvessel cross-sections, but not an entire microvessel, let alone

a network of microvessels.

While interrogation of tissue microvasculature at the cellular

level is important, interrogation of the microvasculature at the

organ level can elucidate the global changes in the microvascu-

lature that affect and also are affected by tissue disease state.

Immunohistochemistry is well-suited for the study of small mm-size

spatial regions, but is impractical to study the microvasculature of

an entire organ, which is on the order of cm in size.

An alternative technique to enhance visualization of the

microvasculature is ‘‘vessel painting’’ [16–18]. First described in

2002 [16], the technique was originally used to enhance

visualization of the microvasculature in the retina. A more

detailed protocol published in 2009 [18] describes methodology

to collect detailed images of the microvasculature in other organs

such as heart, skin, and brain. The technique involves cardiac

perfusion of a contrast agent, typically a fluorescent dye, into the

systemic vasculature, to label the blood vessels. A fixative is then

perfused to achieve a fluorescent ‘‘cast’’ of the microvasculature.

The tissue of interest is harvested and incubated in the fixative,

after which it is imaged typically with confocal fluorescence

microscopy.

While this vessel painting technique can yield highly detailed

images of the microvasculature, these images are limited to the

superficial imaging depth typically associated with optical micro-

scopes. The depth is restricted due to the scattering nature of most

biological tissues to optical wavelengths [19]. To overcome optical

scattering, a technique known as optical clearing can be used

[20,21]. Optical clearing was used in previous studies to enhance

visualization of microvasculature in breast tumors [22], brain [23],

pancreas [24], and in spinal cord tissue [25]. Briefly, optical

clearing involves the use of a class of hyperosmotic chemical agents

[26,27] that, when incubated with tissue, reduce the optical

scattering in the tissue [28,29] and increase the optical transpar-

ency of the treated tissue (Figure 1). With a reduction in tissue

scattering, fluorescence excitation can penetrate more deeply and

increased fluorescence emission can propagate to the surface from

deeper depths.

Previously obtained data demonstrate that the combination of

optical clearing and vessel painting can provide detailed images of

the microvasculature [24,30,31]. In these studies, mouse micro-

vasculature was labeled with an intracardiac injection of DiI, a

lipophilic carbocyanine dye that embeds itself in the lipid

membrane of cells. In one of these studies, the small intestine

was harvested and then rendered more transparent with a

chemical agent called FocusClear (CelExplorer Labs, Taiwan).

The fluorescently-labeled microvasculature in the optically cleared

tissue was imaged using confocal fluorescence microscopy. While

the images of the microvasculature were quite detailed, the

imaging field of view was limited both in depth (,300–400 mm)

and to a small field of view.

To address the limited imaging depth, we present here a

technique that facilitates imaging of the entire microvascular

network of an entire organ. We developed an experimental

protocol, which we have dubbed ‘‘optical histology,’’ that utilizes

vessel painting, optical clearing of the tissue, and optical imaging

to enhance the visualization of tissue microvasculature.

Materials and Methods

Labeling of Microvasculature
Mouse brains were acquired from 2–3 month old C3H male

mice with body mass of 25–30 g. The microvasculature is labeled

in vivo via the vessel painting method described previously [17,18].

Briefly, the carbocyanine fluorescent dye 1,19-dioctadecyl-

3,3,3939-tetramethylindocarbocyanine perchlorate (DiI) (Invitro-

gen, Carlsbad, CA), a lipophilic dye that embeds in the lipid

membranes of the endothelial cells lining the walls of the

microvasculature, was perfused via cardiac perfusion to label the

microvasculature. A solution of 4% w/v paraformaldehyde was

then perfused intracardially. Afterwards, tissues were excised and

further fixed in 4% w/v paraformaldehyde for a minimum of

72 hours.

Tissue slicing
Post-fixation, mouse brains were embedded in 5% agarose gel

and then scored into several 1 mm thick coronal sections using a

custom-built multi-section scoring device (Figure 2) that consisted

of several connected microtome blades. This results in an agarose-

embedded brain that has lines cut into the agarose gel to

demarcate each 1 mm section. Using these lines, coronal slices

were then sliced using individual microtome blades (Leica Low-

profile Disposable Blades, Leica Microsystems GmbH) into the

1 mm thick slices and excess agarose trimmed from the tissue.

Optical clearing
Tissue slices were incubated in 0.3 ml of FocusClear (CelEx-

plorer Labs, Hsinchu, Taiwan), a DMSO-based optical clearing

agent, for three hours (Figure 3). After optical clearing, the tissues

were then mounted directly between two 50622 mm size cover

Figure 1. Time-lapse image demonstrating optical clearing effect on skin. The sample was immersed in 14M glycerol and placed on top of a
ruler at specific time points and imaged with a digital camera. As the tissue becomes more transparent, the underlying ruler becomes easier to see.
The effect is reversible with saline incubation.
doi:10.1371/journal.pone.0053753.g001
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glasses (Fisherfinest Premium Cover Glass, Fisher Scientific) in

preparation for confocal microscopy. Two cover glasses are

necessary to sandwich the tissue sample to minimize curling of

the tissue onto itself as a result of incubation in FocusClear.

Confocal fluorescence microscopy
A Zeiss LSM 510 Meta (Carl Zeiss AG, Oberkochen, Germany)

laser scanning confocal microscope was used for tissue imaging.

The DiI dye was excited with a 543 nm laser source and

fluorescence emission collected with a 565–615 nm bandpass filter

in front of the detector. Image z-stacks were collected with a 106
objective (Plan-Neofluar 106/0.30 Ph1), giving a system lateral

resolution of 0.7 mm and axial resolution of 9 mm. Image

dimensions were 900 mm6900 mm with z-slice interval of

14 mm. Sequential image z-stacks were then acquired, resulting

in a mosaic of image z-stacks that spanned the entire tissue slice.

To evaluate the overall technique, microvessels were visualized in

20 optically cleared brain slices and a representative sample of this

data is presented here.

Image Processing
Image z-stacks were processed using custom processing code

written in MATLAB (Mathworks, Natick, MA). In addition, the

open source MATLAB functions tiffread29.m [32], show_stack.m,

and show_image.m, which collectively facilitate manipulation of

image z-stack data acquired using a Zeiss microscope and saved in.

LSM format, were integrated into the custom MATLAB code.

The images were processed as both maximum intensity projection

(MIP) images and 3D fly-through movies. A MIP image consists of

the maximum intensity pixel found in the z-stack at each pixel

location. MIP images were calculated from each image z-stack

(Figure 4) and then tiled together to produce a MIP image of the

entire tissue slice. Each pixel in the MIP was then assigned a color

specifying its depth in the z-stack, resulting in a depth-encoded

MIP of the entire tissue slice. The calculated MIP acts as a map of

the vasculature and was then used to calculate the functional

vascular density (FVD) for specific regions of interest using a

previously written algorithm [33]. Briefly, FVD was calculated by

first thresholding imaged vessels via size and pixel intensity,

followed by skeletonization over the entire image. The total length

of vessels in a given tissue region of interest is then automatically

computed by the algorithm and divided by the region of interest

area to calculate the FVD. FVD was calculated in two distinct

regions of interest (ROIs) in each of five separate areas of each

brain slice, totaling 10 ROIs in each brain slice. The average size

of each ROI was 0.011 cm2, ranging from 0.034 cm2 to

0.004 cm2. Three-dimensional fly-through movies in the coronal

plane of the tissue microvasculature were made by tiling together

image data from each slice in the image z-stack, effectively

resulting in an image z-stack for the entire tissue slice. Using

ImageJ, the image z-stack of the entire tissue slice was converted

into a movie file for subsequent playback (Video S1).

Results

Figure 5 is a set of depth-encoded, MIP images for a single

coronal brain slice approximately 4 mm into the brain at bregma.

Figure 5A is the native slice before optical clearing, showing

microvasculature up to a depth of 250 mm. Figure 5B is a MIP

image of the same slice and to the same 250 mm depth as shown in

Figure 5A, after optical clearing. The effect of using optical

clearing to enhance visualization of the microvasculature, in

particular the lateral microvascular density, is clearly shown.

Figure 6A shows a depth-encoded MIP for the same brain slice

shown in Figure 5, but over the increased tissue depth (850 mm)

that is accessible after optical clearing. Figure 6B shows a depth-

encoded MIP image of an optically-cleared coronal brain slice

from a different brain, which also was located approximately 4–

5 mm into the brain (approximately at bregma). The FVD was

calculated in several regions of interest in different areas of the

MIP images in Figures 5 and 6 and the values are summarized in

Table 1. Figure 7 is a visual comparison of a coronal brain slice

before and after it was optically cleared. After clearing, the brain

slice was reduced in size by ,20%. The video in Video S1 shows a

Figure 2. Multi-section scoring device, consisting of histology
blades connected together, used to score the tissue embedded
in agarose gel. Individual tissue slices are then made using a single
histology blade.
doi:10.1371/journal.pone.0053753.g002

Figure 3. Progression from DiI-stained brain to optically-
cleared coronal brain slice. (A) DiI-stained brain embedded in
agarose gel. (B) Uncleared coronal brain slice. (C) Same slice in (B) after
immersion in optical clearing agent.
doi:10.1371/journal.pone.0053753.g003

Figure 4. Protocol used to generate maximum intensity
projection (MIP) images, which are a conglomeration of the
brightest pixels from all images in a three-dimensional stack.
(Top) Representative z-stack confocal fluorescence images of the
microvasculature. (Bottom) MIP image, with each color in the false
colormap corresponding to a specific depth in the stack.
doi:10.1371/journal.pone.0053753.g004

Visualization of Microvasculature in Thick Tissues
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representative three-dimensional ‘‘fly-through’’ movie generated

from the data shown as a MIP image in Figure 6B and

demonstrates that the microvasculature in the brain slice exhibits

local changes at different imaging depths.

Discussion

The results demonstrate our ability to visualize the tissue

microvasculature with encoded depth information. Using our

combined optical clearing and optical imaging technique, we were

able to create an extremely detailed map of the microvasculature

in coronal sections of mouse brain. We were also able to resolve

5 mm diameter capillaries in the tissue, even at a relatively low

106 magnification, which demonstrates the advantages of using

DiI in the cardiac perfusion and the enhanced fluorescence signal

due to optical clearing of the tissue. Additionally, the tissue

imaging depth was limited by both the thickness of the cover slip

used and the working distance (5.2 mm) of the 106 objective.

To assess the performance of our technique, we directly

compared MIP images of a brain slice before and after optical

clearing with FocusClear and calculated the FVD for both

conditions. The brain slice in Figure 5 was imaged, rehydrated,

immersed in FocusClear for 3 hours, and then imaged again. We

first calculated the FVD in several regions of interest in different

Figure 5. Depth-encoded MIP images of brain slice microvasculature (a) before and (b) after optical clearing with FocusClear. Both
images are over the same interrogation volume (250 mm) to show the increase in lateral microvasculature visualized due to optical clearing.
doi:10.1371/journal.pone.0053753.g005

Visualization of Microvasculature in Thick Tissues
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areas of the native slice (Figure 5A) and after clearing (Figure 5B)

over the same interrogation volumes. This analysis enabled

quantitative assessment of the degree to which optical clearing

enhanced the lateral visualization of the microvasculature.

Comparing the FVD values in Table 1 for Figure 5A and

Figure 5B, the FVD of the slice over the same interrogation

volume increased by up to a factor of two.

We then assessed how the increased penetration depth afforded

by optical clearing affected the FVD by calculating the FVD in

several regions of interest of the MIP image over the entire

interrogation volume in this same brain slice (Figure 6A). Similar

to Figure 5B, the MIP in Figure 6A demonstrated an increase in

lateral microvasculature as compared to the native slice in

Figure 5A, and was reflected in the calculated FVD values. In

addition, optical clearing enabled a ,240% increase in the depth

over which the vasculature could be visualized (Figures 5A and 6).

Figure 6. Representative examples of Focus Clear-enhanced visualization of the cerebral microvasculature. (a) Depth-encoded MIP
image of the brain slice in Figure 5 over the entire interrogation volume of 850 mm (b) Depth-encoded MIP image of a similar brain slice optically
cleared with FocusClear from a different brain. Microvasculature is visualized to a depth of 820 mm in this slice.
doi:10.1371/journal.pone.0053753.g006

Figure 7. Images showing effect of FocusClear on tissue size.
The brain slice dimensions were reduced approximately 20% after
3 hours of incubation in FocusClear.
doi:10.1371/journal.pone.0053753.g007

Visualization of Microvasculature in Thick Tissues
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Together, the increase in lateral microvasculature and increase in

tissue depth resulted in an increase in FVD by about 2–36.

Because optical clearing of the tissue enables visualization deeper

in the tissue, and hence a greater tissue interrogation volume, it is

expected that the FVD would be larger since more of the deeper

vessels in the tissue can be visualized. This is verified by comparing

the MIP in Figure 6A to the MIP in Figure 5B, which is the same

optically cleared brain slice but created over different interrogation

volumes. The FVD in Figure 6A is larger by about 1.56due to the

additional volume. This demonstrates how optical clearing of the

tissue allows for a more accurate determination of the FVD by

allowing enhanced visualization of microvessels both laterally and

several hundred mm into the tissue.

To assess the repeatability of our technique, we looked at

another optically cleared brain slice (Figure 6B) from a completely

different brain. This brain slice clearly showed a considerable

increase in observed microvasculature compared to the native slice

in Figure 5A. To quantify this, we calculated FVD in this slice in

several regions of interest and overall, the FVD increased by about

2–36 compared to the native slice in Figure 5A. The FVD values

were also very similar to those calculated in Figure 6A, showing

that optical clearing of similar brain slices in two different brains

yields similar FVD values.

The three-dimensional fly-through movie (Video S1) gives an

intuitive and detailed view of the tissue microvessel network as it

changes at each depth of the tissue slice. This movie demonstrates

the ability of the optical histology technique to allow detailed

visualization of tissue microvasculature in thick tissue. Addition-

ally, it serves as a precursor to a three-dimensional map of the

microvasculature in an entire organ, which could be achieved by

putting together three-dimensional fly-through tissue microvascu-

lature movies of several sequential tissue slices. This three-

dimensional map of the microvasculature would be very significant

in furthering the study of the microvasculature by giving structural

and functional information about the microvasculature at the

organ level.

Tissue microvasculature has previously been imaged to a depth

of 2 mm using optical frequency domain imaging (OFDI) [34].

While the microvasculature can be imaged to a significant depth

using OFDI, this imaging modality is meant more for in vivo

investigation and would be less appropriate for creating a three-

dimensional map of the microvasculature in an intact thick tissue

or organ. The key advantage of optical histology is in enhancing

the ability of confocal microscopy and other optical methods such

as nonlinear optical microscopy. These methods excel at

producing highly detailed images of the microvasculature in

isolated areas at superficial depths. With optical histology, we can

expand the scope of these imaging methods to produce highly

detailed images of the microvasculature several hundreds of mm

into the tissue over wide fields of view.

Enhanced tissue imaging with optical clearing is a concept that

has been studied by several groups and has attracted significant

attention [20]. A recent study [35] reports on a novel optical

clearing agent (ScaleA2) with a clearing effect similar to that of

FocusClear. The proposed benefits of this optical clearing agent

are low cost and the ability to formulate it with off-the-shelf

reagents, compared to the proprietary nature of FocusClear. With

ScaleA2, the optimal optical clearing time for a 1 mm thick tissue

was ,48 hours. In contrast, with our method, the cerebral

microvasculature maps were achieved with only a three-hour

incubation time. Additionally, the brain slices cleared with

ScaleA2 became physically larger as they cleared [35]. In contrast,

slices cleared with FocusClear experience a ,20% reduction in

size (Figure 7).

There is considerable interest in methods to produce physio-

logical maps at the organ level. A recent study described the

development of an automated micro-optical sectioning tomogra-

phy instrument [36] to generate a map of brain physiology at the

organ level. In this study, whole mouse brains were prepared for

immunohistochemistry, and the entire process of slicing coronal

brain slices and simultaneous imaging of the slices on a light

microscope was automated. The group then took the stacks of

image slices and calculated MIP images of the slices, resulting in

high resolution images of the neural structures in the brain.

The time required to produce these images, however, is quite

long. The tissue preparation required six months to allow sufficient

time for the stain to diffuse throughout the entire brain. The image

acquisition required 242 hours of continuous imaging. The time

required for image processing, which is not explicitly stated in the

publication, is reported to be ‘‘much longer than the acquisition

time’’. In contrast, the time and effort required with our protocol

to produce a detailed map of the microcirculation at the organ

level is substantially less. The key step in our protocol that enables

a dramatic reduction in tissue preparation time is the slicing of the

tissue into 1 mm thick sections. Although we report only on

imaging of the microvasculature, we anticipate that other tissue

structures and functional processes can be captured with use of the

appropriate endogenous and/or exogenous fluorescent reporter.

Table 2 summarizes the advantages of both techniques.

We have presented here a new technique called optical

histology that utilizes combined optical clearing and optical

imaging to acquire organ-level maps of the microvasculature in

Table 1. Table summarizing FVD calculated from MIP maps
of the microvasculature in Figures 5 and 6. FVD was averaged
in two different regions of interest in five separate areas of the
brain (top right, top left, bottom right, bottom left, and
middle).

Brain slice Tissue volume depth
Functional Vascular
Density (ROI)

Figure 5A 250 mm 444 cm-1 (top right)

296 cm-1 (bot right)

296 cm-1 (bot left)

361 cm-1 (top left)

252 cm-1 (middle)

Figure 5B 250 mm 826 cm-1 (top right)

635 cm-1 (bot right)

514 cm-1 (bot left)

655 cm-1 (top left)

633 cm-1 (middle)

Figure 6A 850 mm 793 cm-1 (top right)

799 cm-1 (bot right)

891 cm-1 (bot left)

868 cm-1 (top left)

611 cm-1 (middle)

Figure 6B 820 mm 928 cm-1 (top right)

908 cm-1 (bot right)

806 cm-1 (bot left)

888 cm-1 (top left)

822 cm-1 (middle)

doi:10.1371/journal.pone.0056106.t001
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the brain. Previous work has presented maps of the microvascu-

lature for small regions of interest, typically in the 100 s of mm. We

have presented maps of tissue microvasculature over a

1 cm61 cm spatial area by creating a mosaic of several adjacent

image stacks, ultimately covering the entire tissue area. We have

shown maps of the microvasculature as depth-encoded MIP

images and as a three-dimensional fly-through movie, both of

which give important information in an easily understood format.

These images do not require expensive image rendering software

to produce, instead calculated using a simple custom processing

code written in MATLAB. This technique is a quick and efficient

method to enhance the visualization of tissue microvasculature in

three dimensions. Future work includes using this technique on

several tissue slices to produce three-dimensional maps of the

microvasculature in the entire brain, as well as applying this

technique to visualizing microvasculature in other tissue types,

such as skin, tumor, and heart models.

Supporting Information

Video S1 Movie showing tiled confocal fluorescence images at

different depths within the optically cleared coronal slice shown in

Figure 6B. The movie reaches a final depth of 820 mm into the

tissue.

(ZIP)

Acknowledgments

The authors would like to acknowledge CelExplorer Labs (Hsinchu,

Taiwan) for generously donating FocusClear, Dr. Tatiana Krasieva

(University of California, Irvine), Sean White (University of California,

Irvine), Henry Shih (Tufts University School of Medicine), and Lawrence

Chang (Princeton University) for their support.

Author Contributions

Conceived and designed the experiments: AJM BC. Performed the

experiments: AJM MPW. Analyzed the data: AJM BC. Contributed

reagents/materials/analysis tools: AJM. Wrote the paper: AJM BC.

References

1. Jain RK (2005) Normalization of tumor vasculature: an emerging concept in

antiangiogenic therapy. Science 307: 58–62.

2. Fukumura D, Jain RK (2007) Tumor microvasculature and microenvironment:

targets for anti-angiogenesis and normalization. Microvascular research 74: 72–
84.

3. Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases. Nature
407: 249–257.

4. Carmeliet P, Jain RK (2011) Principles and mechanisms of vessel normalization
for cancer and other angiogenic diseases. Nat Rev Drug Discov 10: 417–427.

5. Camici PG, Crea F (2007) Coronary microvascular dysfunction. N Engl J Med
356: 830–840.

6. Hoenig MR, Bianchi C, Rosenzweig A, Sellke FW (2008) The cardiac
microvasculature in hypertension, cardiac hypertrophy and diastolic heart

failure. Curr Vasc Pharmacol 6: 292–300.

7. Khan F, Green FC, Forsyth JS, Greene SA, Morris AD, et al. (2003) Impaired

microvascular function in normal children: effects of adiposity and poor glucose

handling. J Physiol 551: 705–711.

8. Brown WR, Thore CR (2011) Review: cerebral microvascular pathology in

ageing and neurodegeneration. Neuropathol Appl Neurobiol 37: 56–74.

9. Malpass K (2011) Stroke: retinal changes predict subsequent vascular events in

ischemic stroke. Nat Rev Neurol 7: 538.

10. De Silva DA, Manzano JJ, Liu EY, Woon FP, Wong WX, et al. (2011) Retinal

microvascular changes and subsequent vascular events after ischemic stroke.
Neurology 77: 896–903.

11. Choi B, Jia W, Channual J, Kelly KM, Lotfi J (2008) The importance of long-
term monitoring to evaluate the microvascular response to light-based therapies.

J Invest Dermatol 128: 485–488.

12. Choi B, Ramirez-San-Juan J, Lotfi J, Stuart Nelson J (2006) Linear response

range characterization and in vivo application of laser speckle imaging of blood
flow dynamics. J Biomed Opt 11: 041129.

13. Zanini A, Chetta A, Imperatori AS, Spanevello A, Olivieri D (2010) The role of
the bronchial microvasculature in the airway remodelling in asthma and COPD.

Respir Res 11: 132.

14. Nico B, Benagiano V, Mangieri D, Maruotti N, Vacca A, et al. (2008)

Evaluation of microvascular density in tumors: pro and contra. Histol

Histopathol 23: 601–607.

15. Fanelli M, Locopo N, Gattuso D, Gasparini G (1999) Assessment of tumor

vascularization: immunohistochemical and non-invasive methods. Int J Biol
Markers 14: 218–231.

16. Zhao L-A, Song Y, Laties A, Wen R (2002) Vessel Painting, a Novel Technique
to Stain and Visualize Blood Vessels in 3D. Invest Ophthalmol Vis Sci 43: E-

abstract 3699.

17. Ravnic DJ, Jiang X, Wolloscheck T, Pratt JP, Huss H, et al. (2005) Vessel

painting of the microcirculation using fluorescent lipophilic tracers. Microvasc
Res 70: 90–96.

18. Li Y, Song Y, Zhao L, Gaidosh G, Laties AM, et al. (2008) Direct labeling and

visualization of blood vessels with lipophilic carbocyanine dye DiI. Nat Protoc 3:

1703–1708.

19. Cheong W, Prahl S, Welch A (1990) A review of the optical-properties of

biological tissues. IEEE J Quant Electr 26: 2166–2185.

20. Wenner M (2009) The most transparent research. Nat Med 15: 1106–1109.

21. Tuchin V (2005) Optical clearing of tissues and blood using the immersion

method. J Phys D - Appl Phys 38: 2497–2518.

22. Oldham M, Sakhalkar H, Oliver T, Allan Johnson G, Dewhirst M (2008)

Optical clearing of unsectioned specimens for three-dimensional imaging via

optical transmission and emission tomography. J Biomed Opt 13: 021113.

23. Mertz J, Kim J (2010) Scanning light-sheet microscopy in the whole mouse brain

with HiLo background rejection. J Biomed Opt 15: 016027.

24. Fu YY, Lu CH, Lin CW, Juang JH, Enikolopov G, et al. (2010) Three-

dimensional optical method for integrated visualization of mouse islet

microstructure and vascular network with subcellular-level resolution. J Biomed

Opt 15: 046018.

25. Ertürk A, Mauch CP, Hellal F, Förstner F, Keck T, et al. (2011) Three-

dimensional imaging of the unsectioned adult spinal cord to assess axon

regeneration and glial responses after injury. Nat Med 18: 166–171.

26. Vargas G, Chan KF, Thomsen SL, Welch AJ (2001) Use of osmotically active

agents to alter optical properties of tissue: effects on the detected fluorescence

signal measured through skin. Lasers Surg Med 29: 213–220.

27. Choi B, Tsu L, Chen E, Ishak T, Iskandar S, et al. (2005) Determination of

chemical agent optical clearing potential using in vitro human skin. Lasers Surg

Med 36: 72–75.

28. Yeh A, Choi B, Nelson J, Tromberg B (2003) Reversible dissociation of collagen

in tissues. J Invest Dermatol 121: 1332–1335.

29. Rylander CG, Stumpp OF, Milner TE, Kemp NJ, Mendenhall JM, et al. (2006)

Dehydration mechanism of optical clearing in tissue. J Biomed Opt 11: 041117.

30. Fu YY, Tang SC (2010) Optical clearing facilitates integrated 3D visualization of

mouse ileal microstructure and vascular network with high definition. Microvasc

Res 80: 512–521.

31. Fu YY, Lin CW, Enikolopov G, Sibley E, Chiang AS, et al. (2009) Microtome-

free 3-dimensional confocal imaging method for visualization of mouse intestine

with subcellular-level resolution. Gastroenterology 137: 453–465.
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