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Abstract. Fluorescence microscopy is commonly used to investigate disease progression in biological tissues.
Biological tissues, however, are strongly scattering in the visible wavelengths, limiting the application of fluo-
rescence microscopy to superficial (<200 um) regions. Optical clearing, which involves incubation of the tissue in
a chemical bath, reduces the optical scattering in tissue, resulting in increased tissue transparency and optical
imaging depth. The goal of this study was to determine the time- and wavelength-resolved dynamics of the
optical scattering properties of rodent brain after optical clearing with FocusClear™. Light transmittance and
reflectance of 1-mm mouse brain sections were measured using an integrating sphere before and after optical
clearing and the inverse adding doubling algorithm used to determine tissue optical scattering. The degree of
optical clearing was quantified by calculating the optical clearing potential (OCP), and the effects of differing OCP
were demonstrated using the optical histology method, which combines tissue optical clearing with optical im-
aging to visualize the microvasculature. We observed increased tissue transparency with longer optical clearing
time and an analogous increase in OCP. Furthermore, OCP did not vary substantially between 400 and 1000 nm
for increasing optical clearing durations, suggesting that optical histology can improve ex vivo visualization of
several fluorescent probes. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.9.095010]
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1 Introduction

Researchers commonly use fluorescence microscopy to investi-
gate and study disease progression in biological tissues. Prior to
imaging, researchers may incubate the tissue with exogenous
biomarkers conjugated with fluorescent probes that bind to spe-
cific sites of interest, enabling precise localization and visuali-
zation of fine structural features. Since many biological tissues
strongly scatter visible wavelengths, fluorescence microscopy
applications often remain limited to superficial (<200 ym in
depth) regions.

Recently, several research groups have developed protocols
involving the use of chemical agents to reduce the degree of
optical scattering in turbid tissues.'> These reports describe the
use of various optical clearing agents, including glycerol,* dime-
thylsulfoxide (DMSO),* benzyl alcohol benzyl benzoate,’ tetra-
hydrafuran,6 FocusClear,” Scale,® CLARITY,® and 3DISCO."
In addition to chemical optical clearing, both the CLARITY
and 3DISCO protocols involve complex tissue processing;
CLARITY requires electrophoretic optical clearing to remove
highly scattering lipids, while 3DISCO requires several tissue
dehydration steps with toxic and flammable chemicals, which
necessitate special chemical safety considerations. The result is
that both techniques are more challenging to implement than
simply immersing the tissue in an optical clearing agent. We
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recently described a method that we call optical histology,'!!?

which involves applying optical clearing using FocusClear to
thick (~1 mm) tissue sections and subsequent imaging with
confocal fluorescence microscopy. With optical histology, we
demonstrated high-resolution visualization of fluorescent struc-
tures up to depths of 500 to 700 ym within each section.

The efficacy of optical clearing depends on multiple factors
including tissue type and selected chemical agent. In general,
researchers desire a substantial increase in tissue transparency,
which is associated with a decrease in optical scattering.
Previous studies related to optical clearing>!® describe the use
of measurements of optical transmittance of native and cleared
tissues to assess changes in tissue optical properties after optical
clearing. However, since transmittance depends on optical scat-
tering, tissue thickness, and (to a lesser extent) optical absorp-
tion, transmittance alone does not enable quantification of
optical scattering. Hence, additional measurements are required
to fully characterize the optical clearing process.

Optical properties in ex vivo thick tissue can be quantified
using the integrating sphere technique coupled with an appro-
priate model of light propagation.'* Measurements can involve
either a single integrating sphere, which enables sequential
measurement of diffuse reflectance and total transmittance, or
a double integrating sphere,'> which consists of two adjoined
integrating spheres that enable simultaneous measurement of
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diffuse reflectance and total transmittance. From measurements
of total transmittance, diffuse reflectance, and sample thickness
one can estimate the optical scattering and absorption of the tis-
sue using a model based approach,'® such as diffusion theory,!”
Monte Carlo simulation,'® or the inverse adding doubling (IAD)
algorithm.'® We previously used an integrating sphere and the
IAD algorithm to evaluate the efficacy of various optical clear-
ing agents'? and introduced the metric of optical clearing poten-
tial (OCP). OCP is a ratio of the reduced optical scattering
coefficient before optical clearing to the value after clearing,
and quantitatively describes the change in optical scattering
that occurs due to optical clearing. In this paper, we describe
the use of integrating sphere-mediated optical spectroscopy and
the IAD algorithm to quantify the reduced optical scattering
coefficient, and to determine the time-resolved change in optical
scattering associated with FocusClear-mediated optical clearing
of ex vivo mouse brain samples.

2 Materials/Methods

2.1 Tissue Preparation

We used a tissue preparation method described previously.!!
Briefly, we harvested the brain from male adult C3H mice (25
to 30 g). Immediately after sacrifice, we performed cardiac
perfusion of 5 mL saline followed by 5 mL of 4% paraformal-
dehyde. We then harvested the brain and placed it in 4% par-
aformaldehyde for a minimum of three days. After fixation,
we sliced the brain into coronal slices of ~1 mm thickness,
for a total of 19 slices.

2.2 Tissue Holder

We placed each slice into a tissue holder consisting of a 30-mm
SM1 threaded optic holder (CP08, Thor Labs, New Jersey), two
25-mm circular cover glasses (Fisherbrand Cover Glass No. 1,
Fisher Scientific, Waltham, Massachusetts), and two 30-mm
SM1 threaded retaining rings (SM30RR, Thor Labs, New
Jersey; Fig. 1). We inserted the slice between the circular
cover glasses and used the retaining rings to hold it in place.
With this apparatus, the tissue remained fixed in position and

Fig. 1 Components of tissue holder, which is used to immobilize the
tissue and keep the tissue thickness uniform during imaging. The tis-
sue holder consists of a 30-mm threaded optic holder, two 25-mm
circular glass slides, and two 30-mm threaded retaining rings used
to evenly compress and sandwich the glass slides together against
the tissue.
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its thickness was maintained during the optical measurements.
We measured the sample thickness more precisely by measuring
the thickness of the entire apparatus (with slice in place) and
subtracting the measured thickness of the apparatus alone (i.e.,
without the slice).

2.3 Optical Spectroscopy

We used an integrating sphere setup to acquire optical transmit-
tance and reflectance data from the brain slices both before and
after optical clearing (Fig. 2). The setup consisted of an integrat-
ing sphere (Labsphere Inc., North Sutton, New Hampshire),
a broadband halogen light source whose output was collimated
to a diameter of 4 mm, and spectrometer (Prime-X, B&W Tek,
Newark, Delaware). The range of the spectrometer was 400 to
1000 nm, with a spectral resolution of 4.8 nm (FWHM). We
used a custom-written LabVIEW program (National Instru-
ments, Austin, Texas) to communicate with the spectrometer,
and a 99% reflectance standard (Spectralon, LabSphere Inc.) to
calibrate the reflectance measurements.

2.4 Optical Histology

The optical histology method was performed as previously
described.!'1? Briefly, this method first involved cardiac perfu-
sion of the lipophilic fluorescent dye Dil to label the mouse
microvasculature, followed by tissue harvest and preparation
similar to the procedure previously described. All procedures
were approved by the Institutional Animal Care and Use
Committee at University of California, Irvine. Slices with
thickness of 1 mm were optically cleared with FocusClear
(CelExplorer Labs, Hsinchu, Taiwan), a DMSO-based optical
clearing agent. We then imaged the Dil-labeled microvessels
with a commercial confocal fluorescence microscope (LSM 510
META, Zeiss, Oberkochen, Germany) using a 543 nm laser
for excitation of Dil fluorescence and 10X air objective.

Here we present the microscopy data as depth-encoded
maximum intensity projection maps (MIP). MIP images are
constructed by determining, for each lateral position, the maxi-
mum intensity over all depths from the image slices in a con-
focal microscopy image stack and projecting these pixels onto a
two-dimensional (2-D) image. Each pixel is assigned a color
corresponding to the originating slice in the image stack result-
ing in a depth-encoded MIP map that gives three-dimensional
information in a 2-D image.

2.5 Experimental Procedure

The procedures used to perform integrating sphere measurements
to quantify tissue optical properties are well documented.'®2!
We first collected a standard reflectance measurement, which
consisted of no sample in the beam path and the 99% diffuse
reflectance standard at the reflectance port. We then mounted
a brain slice in the tissue holder and measured the thickness
of the glass-tissue preparation with a micrometer (Mitutoyo
Corp., Kawasaki, Japan). We then placed the tissue holder at
either the transmittance or reflectance port of the sphere and
measured the corresponding transmitted or remitted light,
respectively. We carefully positioned the tissue holder to achieve
uniform illumination of the slice. To account for potential
heterogeneities in the optical properties of each slice, we col-
lected measurements from three locations of each slice. After
we collected measurements from each slice, we again performed
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Fig. 2 Schematic of integrating sphere setup for (a) transmittance measurements and (b) reflectance
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Fig. 3 Color images of representative brain slices (a) before and (b—e) after optical clearing with
FocusClear for (b) 1 h, (c) 3 h, (d) 6 h, and (e) 24 h. Scale bar = 3 mm.

the standard reflectance measurement to account for the drift in
the power of the optical excitation. We collected calibration
measurements at every sample measurement time point to cor-
rect for any long-term drift from the light source. Under these
conditions, measurement drift was <1% at each measurement
time point. Similar to our previously published study,'' we

Table 1 Baseline reduced optical scattering coefficient values of the
mouse brain slices (n=19) used in this study. SD = standard

deviation.

Wavelength (nm)

Mean p (SD) (mm-1)

2.33 (0.51)
2.71 (0.60)
2.62 (0.60)
2.40 (0.56)
2.22 (0.52)
2.06 (0.49)
1.93 (0.46)
1.80 (0.43)
1.68 (0.40)
1.58 (0.38)
1.49 (0.36)
1.42 (0.34)
1.35 (0.32)
1.29 (0.31)
1.23 (0.29)
1.21 (0.28)

1.19 (0.28)

immersed each slice in 1 mL of FocusClear, allowing exchange 403
of tissue water with FocusClear. We collected data during four
periods of increasing optical clearing time: 1 h (n =5), 3 h 444
(n=7), 6 h(n=4), and 24 h (n = 3) in order to assess the 485
effects of increasing optical clearing duration.
525
2.6 Data Processing 565
Similar to our previous work,?> we analyzed the wavelength-de- 604
pendent reflectance and transmittance data using the IAD algo- 642
rithm described by Prahl et al.!* TAD enables estimation of tissue
optical properties based on measurements of diffuse reflectance, 680
total transmittance, and sample thickness. At each measurement
. . . . . 718
location and time point, we applied the IAD algorithm to cal-
culate the reduced scattering coefficient (i) at specific wave- 755
lengths over the spectral range of 400 to 1000 nm. We then
determined the average y!(A) based on the individual wave- 1
length-resolved values of /(1) calculated at each of the three 807
measurement locations and at each time point to achieve
ul(A, 1). We then calculated the OCP? for each slice, defined as 863
898
u!(before clearing)
OCP ==~ - 932
u!(after clearing)
966
Finally, at each measurement wavelength and time point, we 999
calculated the mean OCP and standard deviation of the mean.
Journal of Biomedical Optics 095010-3
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Fig. 4 Line plot of average optical clearing potential versus wave-
length for all time points (1, 3, 6, and 24 h).

3 Results

Figure 3 is a time course set of images of different brain slices
optically cleared with FocusClear for different optical clearing
incubation times. Under visual inspection, the tissues appeared
to become more transparent with longer optical clearing time,
which was an expected result. Table 1 summarizes the baseline
u! values at the interrogated wavelengths, which are averaged
over all samples and all time points. We observed an expected
monotonic decrease in u; with an increase in wavelength. Tissue
slice thickness before optical clearing ranged from 0.7 to
1.4 mm for the different optical clearing time points. Figure 4
is a plot of OCP versus wavelength for each of the different opti-
cal clearing times. At each wavelength, OCP increased with

increasing optical clearing time, though we observed that the
amount of OCP increase was lower between 6 and 24 h of opti-
cal clearing time than between 3 and 6 h optical clearing times.
However, for a given optical clearing time, the OCP spectrum is
relatively flat over the visible-NIR wavelength range.

4 Discussion

We immersed samples in FocusClear for different periods of
time. We observed that an increase in immersion time induced
an increase in sample transparency (Fig. 3). We quantified this
increased transparency as an increase in mean OCP at all wave-
lengths between 400 and 1000 nm (Fig. 4).

To illustrate the effects of different levels of OCP achieved,
we used methodology described previously,!' to image four
1-mm thick coronal slices of mouse brain with microvasculature
labeled with Dil (Fig. 5). We optically cleared brain slices with
the same four optical clearing times used in the integrating
sphere measurements. An immersion time >3 h did not further
increase the depth that vessels could be visualized, as we visu-
alized vessels at similar tissue depths in the 3, 6, and 24 h time
points. However, there was a clear effect on the microvascular
density that could be visualized at all depths, as the brain slices
cleared for 6 and 24 h showed a higher density of vasculature as
compared to the brain slices cleared for 1 and 3 h. This is con-
sistent with the trends seen in OCP (Fig. 4), as OCP increased
between 1 and 3 h of optical clearing, increased further between
3 and 6 h, and increased slightly between 6 and 24 h of optical
clearing. Interestingly, the mean OCP did not exhibit a depend-
ence on wavelength (Fig. 4). The generic shape of an optical
scattering spectrum is

I > 400 ym

0pm

900 pm

Fig. 5 Maximum intensity projection (MIP) maps of tissue microvasculature in 1-mm brain slices optically
cleared for (a) 1 h, (b) 3 h, (c) 6 h, and (d) 24 h showing the increased density of vasculature that can be
visualized with increasing optical clearing time. MIP images are constructed by determining the maximum
intensity pixel at each pixel location from all of the image slices in a confocal microscopy image stack and
projecting these pixels onto a two-dimensional (2-D) image. Each pixel is assigned a color corresponding
to the originating slice in the image stack resulting in a depth-encoded MIP map that gives three-dimen-

sional information in a 2-D image.
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ps(4) = A",

where A is the scattering amplitude and b is a term that takes into
account the scatterer size. The relative independence of OCP on
optical wavelength (Fig. 4) suggests that FocusClear induces a
reduction only in A and no significant change in the distribution
of scatterer sizes. Based on this assessment, we propose that
FocusClear reduces the scattering properties of the fixed
brain sections due primarily to improvement in refractive index
matching between white and gray matter in the brain as opposed
to alterations in tissue structure as demonstrated previously in
collagenous tissues.>*

Furthermore, since FocusClear is associated with an OCP
that is relatively constant with wavelength, we propose that opti-
cal histology with FocusClear is conducive to optical imaging of
a wide range of fluorescent molecular probes that emit over the
visible and near-infrared wavelength range. Hence, with optical
histology using FocusClear, researchers have flexibility in selec-
tion of an exogenous probe that best matches their specific
application.

The exact mechanism by which FocusClear achieves
enhanced optical transparency of brain tissue is unclear. In opti-
cal clearing of skin with glycerol, a factor contributing to
reduced scattering is the matching of refractive index between
collagen (n = ~1.44) and glycerol (n = 1.47).° Interestingly,
the refractive index of FocusClear (n = 1.46) is relatively high
compared with native brain tissues (n = 1.36 to 1.40).26 Hence,
alternate factors may play a contributing or major role in the
optical clearing properties of FocusClear on mouse brain—
further study is warranted, as a complete understanding of the
mechanism of action of clearing will lead to more rational opti-
mization of protocols based on FocusClear.

In summary, our measurements suggest that optical clearing
of fixed brain slices with FocusClear achieves a substantial
increase in OCP at immersion times as short as 6 h. Further-
more, because the wavelength dependence of the OCP is flat
over the range from 400 to 1000 nm, these results suggest that
this optical histology approach can improve ex vivo visualization
of a wide range of fluorescent molecular probes.
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