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Abstract
A major limitation of mechanistic studies in aging brains is the lack of routine methods to robustly visualize and discriminate

the cellular distribution of tissue antigens using fluorescent immunohistochemical multi-labeling techniques. Although such

approaches are routine in non-aging brains, they are not consistently feasible in the aging brain due to the progressive accu-

mulation of autofluorescent pigments, particularly lipofuscin, which strongly excite and emit over a broad spectral range.

Consequently, aging research has relied upon colorimetric antibody techniques, where discrimination of tissue antigens is

often challenging. We report the application of a simple, reproducible, and affordable protocol using multispectral light-emit-

ting diodes (mLEDs) exposure for the reduction/elimination of lipofuscin autofluorescence (LAF) in aging brain tissue from

humans, non-human primates, and mice. The mLEDs lamp has a broad spectral range that spans from the UV to infrared

range and includes spectra in the violet/blue and orange/red. After photo quenching, the LAF level was markedly reduced

when the tissue background fluorescence before and after mLEDs exposure was compared (p < 0.0001) across the spectral

range. LAF elimination was estimated at 95± 1%. This approach permitted robust specific fluorescent immunohistochemical

co-visualization of commonly studied antigens in aging brains. We also successfully applied this method to specifically visualize

CD44 variant expression in aging human cerebral white matter using RNAscope fluorescent in-situ hybridization. Photo

quenching provides an attractive means to accelerate progress in aging research by increasing the number of molecules

that can be topologically discriminated by fluorescence detection in brain tissue from normative or pathological aging.
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Introduction
Although fluorescence microscopy is widely used in neuroan-
atomical and neuropathological studies, its application in
aging research has been hampered by the progressive accumu-
lation of autofluorescent pigments including lipofuscin in the
aging brain (Terman and Brunk, 2004a; Moreno-García et al.,
2018). Lipofuscin is a non-degradable intralysosomal,
brown-yellow, electron-dense, polymeric autofluorescent
substance that has been reported to accumulate progressively
over time in lysosomes of postmitotic cells, including cardiac
myocytes (Terman and Brunk, 2004b), retinal cells (Andrews
and Brizzee, 1986), and neurons (Brizzee et al., 1969).
Lipofuscin is not the only endogenous substance that results
in autofluorescence in mammalian tissues. Collagen, elastin,
flavins, and hemosiderin are also problematic naturally fluo-
rescent extracellular matrix components in mammalian
tissues (Banerjee et al., 1999; Schnell et al., 1999; Viegas
et al., 2007). In addition, red blood cells and macrophages
have also been recognized as a major source of autofluores-
cence or high background in unfixed or poorly fixed tissue
samples (Whittington and Wray, 2017). Despite several
decades of research, the application of fluorescence multi-
labeling immunohistochemistry (IHC) to the aging brain has
been hampered by limited progress to quench the endogenous
tissue autofluorescence of lipofuscin and other compounds
that are highly enriched in aging primates and rodents
(Brizzee and Johnson, 1970; Schnell et al., 1999).

The emission spectrum of lipofuscin overlaps with that of
commonly used fluorophores, which makes it extremely diffi-
cult to distinguish between lipofuscin-associated autofluores-
cence (LAF) and specific IHC-associated fluorophores in
aged human neural tissues (Corrêa et al., 1980; Santer et al.,
1980). Lipofuscin accumulates in the cytoplasm of neural
cells in an age-dependent manner where it mimics the appear-
ance of all known fluorophores used in IHC due to its broad
emission spectrum, which includes emission ranges from
blue to red. LAF also accumulates in non-human primates,
such as macaque monkeys, as well as rabbits, cats, rats, and
mice (Brizzee and Johnson, 1970; Andrews and Brizzee,
1986; Schnell et al., 1999; Duong and Han, 2013).
Lipofuscin poses the greatest challenge because it localizes
within the cytoplasm of postmitotic cells. By contrast, blood
vessel-associated autofluorescence (BAF) can be easily

identified as artifactual (Banerjee et al., 1999; Schnell et al.,
1999; Viegas et al., 2007). Moreover, the red blood cell auto-
fluorescence can be eliminated/reduced by immersion in
hydrogen peroxide.

There have been several attempts to release or eliminate the
autofluorescence of lipofuscin from aged brain sections with
partial success. Consequently, there has been a reliance on
colorimetric stains visualized using immunohistochemistry
combined with Nissl or hematoxylin and eosin, which has
been challenging for the detection of two or more antigens.
Previous attempts to reduce or eliminate the LAF from
samples employed several non-chemical approaches such as
the use of a customized filter set (Pang et al., 2013),
Autofluorescence Identifier (Baharlou et al., 2021), non-
negative matrix factorization (Woolfe et al., 2011) and hyper-
spectral analysis of fluorophores (Leavesley et al., 2012).
Given the limited success with these approaches, other labo-
ratories employed chemical treatments to reduce LAF.
However, they were also only partially effective and, in
some instances, also reduced specific staining (Duong and
Han, 2013). These chemical treatments included CuSO4,
CuCl2, Na2SO4, and Sudan Black (Schnell et al., 1999;
Viegas et al., 2007). Although quenching of LAF with light-
emitting diodes (LED) in several tissues was attempted,
success was limited by the usage of light of low wattage,
lack of optimal temperature control, or limitations in terms
of the number of samples that could be analyzed at one
time (Duong et al., 2013; Sun et al., 2017). Hence, there is
a need for a rapid cost-effective method for near-complete
elimination of LAF while maintaining the quality and integ-
rity of the tissues to enhance reproducibility and provide reli-
able results. Here we determined if high-intensity
multispectral light-emitting diodes (mLEDs) could be
employed for photo quenching of tissue autofluorescence in
an aging brain where high LAF obscures antigen detection
by immunofluorescence histochemistry.

We also determined if mLED photo quenching can be gen-
eralized to other widely used fluorescent histological
approaches. We employed mLED photo quenching to visual-
ize the expression of CD44 variants using a RNAscope fluo-
rescence in situ hybridization protocol. CD44 variants were
detected in aging human cerebral white matter from subjects
with confirmed vascular pathology and a history of vascular
cognitive impairment and dementia (VCID). We focused on
CD44 because we previously found that hyaluronan, a
CD44 ligand, was enriched in frontal cerebral white matter
lesions in cases with vascular dementia (Back et al., 2011).
We report here the enrichment of multiple RNA splice vari-
ants of CD44 including variants encoded by CD44 variant
exon 8 (v8) in white matter lesions visualized by
RNAscope. Our protocol for the elimination of LAF tissue
autofluorescence thus appears compatible with several com-
monly employed histological approaches. These technical
advances may provide a novel means to accelerate progress
in aging research by increasing the number of molecules

Table 1. Relative Fluorescence Values (Mean± S.E.M) Acquired at

405, 488, and 561 nm Wavelength in Human, Monkey, and Mouse

Frontal White Matter as Shown in figure 3.

Species Blue (a.u.) Green (a.u.) Red (a.u.)

Mice 49.21± 5.55 45.64± 3.23 66.05± 2.43

Monkey 3082.16±
215.63

2693.23±
289.80

2051.45±
210.44

Human 3460.31± 97.73 2999.77±108.89 2717.30± 95.38
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that can be topologically discriminated in brain tissue from
normative or pathological aging.

Materials and Methods

Ethics Statement, Subjects, and Tissue Handling
Written informed consent was obtained from all individual
study participants. All procedures involving human subjects
were approved by the University Institutional Review Board
following the Helsinki Declaration of the World Medical
Association. Details of the human (average age of 89.9
years) tissue samples studied are provided in supplementary
table 1. Brain tissue from four Rhesus macaque (Macaca
mulatta) was obtained from the Aging Primate Resource
tissue bank of the Oregon National Primate Research Center
and included tissue from one male (24 years old) and three
females monkeys (7, 9, and 20 years old). Aging murine
C57Bl6 brain tissue was from two animals (2.5 years old)
and two controls (6 months old).

Tissue Preparation
All human, macaque, and murine brain tissue sections (30 or
50 µm) were fixed in 4% paraformaldehyde and sectioned
free-floating using a vibratome or cryostat. Tissue sections
for photo–quenching (PhotoQ) were immersed in 6-well
plates (2 sections per well) filled to the brim with PBS and
placed in the PhotoQ chamber (see figures 1 and
Supplemental figure 1). The chamber held six 6-well plates
and could be expanded as needed. Control samples were
immersed in PBS under the same conditions but without
PhotoQ.

Measurements and Quantification of Fluorescence
Intensity
The reduction of fluorescence intensity (figures 2 to 4 and
supplemental figure 3) was quantified in Fiji, a Java-based
ImageJ analysis software (an open-source image program
available from the National Institutes of Health (NIH)). We
determined the fluorescence level of the PhotoQ-treated
(i.e., light exposure) and non-PhotoQ (i.e., no light exposure)
sections and tissue background before and after each treat-
ment duration (t= 12, 24, or 72 h), see Supplemental
Figures 1 and 2. The LAF level was quantitatively estimated
with Image J by randomly drawing four separate lines (300
µm) on the micrograph using the Straight, freehand tool, as
shown in supplemental figure 2. Fluorescence intensity
values were generated as a histogram at 1 µm intervals
along the 300 µm line using the Plot of Clipboard/ Plot
Profile function. LAF level was determined by subtracting
average background values (Background Gray Value (Δ0))
from the average peak fluorescent intensity values (Gray
Value of fluorescence (I0), which corresponded to regions

on the photomicrograph where the line intersected with
granular-appearing autofluorescent aggregates. This approach
was selected so that blood vessel-associated autofluorescence
was not included in the estimates of total LAF in the image.
The calculation of LAF was done as follows:

[I]: Fluorescence Level= [Gray Value of fluorescence (I0)
– Background Gray Value (Δ0)]

[II]: Fluorescence Level Reduction (%)= [100 – ((I0− Δ0)
– (It− Δt))/ (I0− Δ0)]

Where I0 and Δ0 are the initial mean intensity values and
tissue background values respectively (n= 4 ROIs per
section; n= 4 quadruplicate images per subject), and It and
Δt are the mean intensity values and tissue background
after t (hr) of PhotoQ. The statistical significance was deter-
mined using two–way ANOVA analysis and Tukey’s
multiple mean comparisons of fluorescence level [I], per-
centage reduction for the treated duration [II], and LAF par-
ticle size.

Apparatus set-up and Protocol for Photo Quenching
(PhotoQ)
A high output 87-watt LED array (catalog #P150; Platinum
LED, Lights LLC, Kailua, HI) was adapted in a cooled light-
reflecting PhotoQ Chamber (figure 1). We selected the LED
lamp, because of its efficiency; low wattage, low energy con-
sumption, low heat generation, and capacity for long duration
and continuous use. The LED lamp has 50 diodes with a
broad light spectrum including UV spectrum violet (360–
400 nm), blue light (400–500 nm), and orange/red light
(600–710 nm).

The PhotoQ apparatus (Figure 1) comprised the LED lamp
and photoQ chamber; the light reflecting surface unit with the
insulated floor (with the aid of Styrofoam), 2 ice packs, and 2
glass boxes of ice. Aluminum foil was used to laminate the
walls and floor of the chamber to enhance the reflection of
light onto the samples and conserve energy and increase effi-
ciency. The ice packs served to lower the temperature of the
PhotoQ chamber while the iceboxes maintained the cooling
and reduced evaporation of the PBS solution in the samples
during exposure for up to 72 h. With the icebox, there was
no need to replenish the PBS solution in the samples for the
period of PhotoQ. The ice also maintained the temperature
at 25−26°C throughout the illumination period. The PhotoQ
chamber was used in a cold room (4°C) for the entire LED
exposure. Since the air temperature above the samples and
the temperature at the sample surface are directly proportional
to the distance of the lamp from the surface of the samples, we
placed the lamp 10 cm above the samples to prevent overheat-
ing and to yield maximum light intensity exposure to the
tissue. The LED lamp generates heat due to its limited effi-
ciency in converting electrical energy into light (Duong and
Han, 2013). NB: For the first set of exposure, we would
advise the experimenters to monitor the photoQ chamber
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temperature and PBS evaporation rate for about 24 h to ensure
the heat is at a moderate level.

Immunofluorescent Staining
After photoQ, tissue sampleswere immunolabelledusing a rabbit
anti-Iba1 antisera (Wako Chemical, Richmond, VA; 019-
19741(RRID:AB_839504); 1:500) and amouse anti-NeuNanti-
body (Millipore; MAB377 (RRID: AB_2298772); 1:500).
Tissue samples were blocked in 5% normal goat serum (NGS)
for anhour at room temperaturewith constant agitation and there-
after incubated in primary antibody overnight at 4°C with 5%
NGS in PBS and 0.3% Triton with constant agitation. This was
followed by 2 PBS washes of 5 min and subsequent incubation
in the secondary antibodies in 5% NGS in PBS and 0.3%
Triton with constant agitation at room temperature for an hour.
The samples were then washed twice for 5 min each and
mounted on slides in an aqueous mounting medium. To

compare theeffectivenessofourphotoQfindingswithachemical
quenching protocol before or after the IHC stains, the sections
were washed for 3× 10 min and immersed in TrueBlack®
Lipofuscin Autofluorescence Quencher (Biotium Inc., CA,
USA) for 30 s to reduce autofluorescence from lipofuscin and
other sources as recommended by the manufacturer. Images
were acquired (image stack of 31 µm thick and 1 µm dissector
height) using a Nikon Eclipse Ti laser confocal microscope
with pinhole (1.2), sensitivity (HV), laser power, and offset
kept constant for all image acquisitions. The blue, green, and
red channels were captured at 405 nm, 488 nm, and 561 nm exci-
tation wavelengths.

CD44 Polymerase Chain Reaction (PCR)
WeanalyzedCD44splicevariant expression in samplesofRNA
isolated from each of five human cases, as previously described
(vanWeering et al., 1993). cDNAwas synthesized using 500 ng

Figure 1. Photoq set-up showing the component units, unit assembly, and operation unit.

(A) Box laminated with the full aluminum interior. (B) 87-watt LED lamp with UV and infrared features for photoQ. (C) Glass box for ice

(Ice-box) for cooling the photoQ chamber and reducing PBS evaporation in the samples. (D) Ice-pack for cooling the photoQ chamber and

reducing PBS evaporation in the samples. (E) 6-well plate for sample collection and photoQ. (F) Both lamp switches are activated for the

87-watt lamp.
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of RNA and primer C12AR: 5’-ATG CAA ACT GCA AGA
ATC with Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (Thermo-Scientific) in 20 ml. PCR
reactions were run using Thermo Scientific™ Phusion™
High-Fidelity DNA Polymerase (Thermo-Scientific) at an
annealing temperature of 56°C on a Bio-Rad C1000 Thermal
Cycler,RRID: SCR_019688. For amplification of all CD44var-
iants, we used 40 ng of reverse transcriptase (RT) with the fol-
lowing primers: C2AR: 5’- CCA AGA TGA TCA GCC ATT
CTG G and C13F: 5’- AAG ACA TCT ACC CCA GCA AC.
For amplification of CD44 variants that included the V8
sequence, we used the primers PV8F: 5′-TCC AGT CAT
AGT ACA ACG CT and C13F: 5′- AAG ACA TCT ACC
CCA GCA AC with the following conditions: 1 ml of RT
with GC buffer supplemented with 5 mM of Mg2+, 200 mM
dNTPs, 0.5 mM of each primer, and 0.02 U/mL of Phusion
Hot start DNA Polymerase. Samples were then analyzed using
standard gel electrophoresis protocols.

RNAscope® Protocol
Paraffin-embedded human brain sections were cut at 10 µm,
with three consecutive tissue sections per sample. Sections
were air-dried at room temperature (RT), submerged in 1X
PBS, and exposed to the photoQ protocol (above). Probes tar-
geting total CD44 (CD44v1; standard) and CD44v8 were
detected using an RNAscope® Multiplex Fluorescent v2
Assay Kit (ACD Bio., Cat. #323100). Briefly, sections were
deparaffinized, treated with hydrogen peroxide for 10 min at

RT, and washed twice in ddH2O for 2 min. Slides were
immersed in 1X RNAscope® Target Retrieval Reagent
(boiling for 15 min) and washed for 15-s at RT in ddH2O, fol-
lowed by 3-min at RT in 100% ethanol. Slides were next treated
with RNAscope® Protease Plus pretreatment (30-min at 40°C)
and washed twice in ddH2O. Slides were next immediately
hybridized with either a CD44 variant target probe mix (∼50
µL/tissue section, 1 µL CD44v1 probe per 50 µL of CD44v8
probe), or with RNAscope® positive control or negative
control probes, and incubated in an oven for 2 h. at 40°C.
One tissue section per slide was treated with the CD44 variant
probe mixture, one with a positive control probe, and a third
was treated with a negative control probe. The positive
control probe targets a common housekeeping gene; the nega-
tive control probe targets a bacterial gene. Afterward, slides
went through serial hybridization and signal amplification
steps (RNAscope® Multiplex FL v2 Amp 1 for 30 min at
40°C, RNAscope® Multiplex FL v2 Amp 2 for 30 min at
40°C, RNAscope® Multiplex FL v2 Amp 3 for 15 min at
40°C); each step followed by washing twice with 1X
RNAscope® Wash Buffer, 2 min at RT. Slides were next
treated with RNAscope® Multiplex FL v2 HRP-C1 and
RNAscope® Multiplex FL v2 HRP-C2, each at 15 min at 40°
C to develop the HRP signals. The signals were visualized
using Opal™ Dye fluorophores. The HRP-C1 channel and
probe were assigned the Opal™ 520 fluorophore (1/300,
Akoya Biosciences, Cat. #FP1487001KT). The HRP-C2
channel and probe were assigned the Opal™ 690 fluorophore
(1/300, Akoya Biosciences, Cat. #FP1497001KT). Slides were

Figure 2. Photomicrographs from human brain (white and gray matter) before light exposure (nPhotoQ).

(A) Photomicrographs showing LAF fluorescence levels at 405, 488, and 561 nm wavelength in human white and gray matter before

photo-quenching (nPhotoQ). (B) Violin plots showing the comparison of the average LAF particle size at 405, 488, and 561 nm wavelength

in grey matter (GM) (***p= 0.0006, ns p > 0.05) (C) violin plots showing the comparison of average LAF particle size at 405, 488, and 561

nm wavelength in white matter (WM) (****p < 0.0001).

Adeniyi et al. 5



treated with fluorophores for 30 min at 40°C, followed by two
washes in 1X RNAscope® Wash Buffer for 2 min at RT.
Slides were mounted in ProLong™ Diamond Antifade
Mountant with DAPI (Invitrogen, Cat. #P36971) and stored at
4°C in the dark. Slides were visualized with Zeiss Axio Imager
M2 apotome microscopy with Stereo Investigator® software
(MBF Bioscience).

Statistical Analysis
Data are expressed as mean± standard error of mean (SEM).
The statistical significance was determined using two–way
ANOVA analysis and Tukey’s multiple mean comparisons
of fluorescence Intensity [I], percentage reduction for the
treated duration [II], and LAF particle size. Probability
values of <0.05 were considered to represent statistically

significant differences. Statistical analysis was conducted
using GraphPad Prism Software (GraphPad Software Inc.,
La Jolla, CA).

Results
Lipofuscin autofluorescence (LAF) level and particle size
in humans, monkeys, and mice. Although brain tissue
levels of lipofuscin (LAF) accumulate with aging, there is
little information on the relative LAF particle sizes and fluo-
rescence levels in human, macaque, and mouse gray matter
(GM) or white matter (WM). Consistent with prior observa-
tions, we found that LAF particles in aging human GM and
WM were numerous, intensely fluorescent, and ranged in
size from about 2−5 µm (Figure 2). The LAF in GM was
more dispersed and appeared larger compared to that in

Figure 3. Photomicrographs from human, monkey, and mouse cerebral white matter before light exposure (nPhotoQ).

(A) Photomicrographs showing LAF fluorescence level at 405, 488, and 561 nm wavelength in human, monkey, and mouse WM before

photo-quenching (nPhotoQ). (B) Violin plots showing the average LAF particle size across all three species (****p < 0.0001, *p=
0.0116). Lower panels show the typical distributions of particles and sizes in the white matter from the three species.
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WM (Fig. 2A). There was no significant difference in the LAF
average particle size in human GM when compared with WM
(red: p= 0.9997, green: p= 0.09951, blue: p= 0.2201;
Fig. 2B and C). Average LAF particle size is higher in the
green/red channels compared to the blue channel both in
GM (p < 0.001) and WM (p < 0.0001, Fig. 2B and C).

We next determined the optimal duration of mLED expo-
sure (12, 24, 48, 72, or 100 h) that near eliminated LAF when
temperature and mLED lamp level (distance from the lamp
surface to the sample) were held constant. We found that
maximal LAF quenching was achieved within 72-h for all
the species evaluated (Supplemental Figure 2 and data not
shown). To determine the magnitude of LAF reduction after
photoQ, we first quantified basal levels of LAF fluorescence
in aging GM and WM relative to the tissue background fluo-
rescence in humans, macaque, and mice (Fig. 2A to C).
Figure 3A shows the typical appearance of LAF as visualized
at peak emission at 488 nm, 405 nm, and 561 nm in humans,
monkeys, and mice. As described in the methods, we

estimated the magnitude of LAF emission for humans,
mice, and macaques at 405 nm, 488 nm, and 561 nm and
report these as individual values (Table 1). Fluorescence
values for human [2717.3± 95.4 (red), 2999.8± 108.9
(green), and 3460.3± 97.7 (blue)] and macaque [2051.5±
210.4 (red), 2693.2± 289.8 (green), and 3082.2± 215.6
(blue)], were markedly higher than for mouse [66.1± 2.4
(red), 45.6± 3.2 (green), and 49.2± 5.6 (blue)]. As shown
in Figure 3A, there was no apparent difference in LAF
levels between red and green channels in humans and
monkeys while the LAF level in the blue channel was less
prominent. We estimated the LAF average particle size in
human WM (Fig. 3B) and found it to be significantly larger
than in macaque (p < 0.0001) or mouse (p < 0.0001).
Similarly, the LAF average particle size in macaque was sig-
nificantly larger than in mouse (Fig. 3B; p= 0.0116).

PhotoQ elimination of lipofuscin autofluorescence
(LAF) for fluorescence multi-labeling. We next quantified
the magnitude of photo quenching of LAF after 72-h exposure

Figure 4. Photomicrographs from human, monkey, and mouse cerebral white matter after 72 h light exposure.

(A) Photomicrographs showing fluorescence levels at 405, 488, and 561 nm wavelength in human, monkey, and mouse WM. (B) Gray value

graph showing the LAF fluoresce intensity level and background in a human WM sample before photoQ exposure with high peaks (1, 2, 3,4,

and 5). (C) Gray value graph showing the reduced fluorescence intensity levels and background after 72 h photoQ exposure from the same

human WM sample as in B. (D) Bar graph showing the comparison of fluorescence levels before and after the light exposure (****p <

0.0001) in a human sample using the approach illustrated in supplemental figure 1.
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to light. When compared to Fig. 3A and Table 1, there was a
pronounced reduction in LAF in humans, monkeys, and mice
(Fig. 4A; Supplemental Figure 3). In all three species, the
LAF level was effectively reduced from an average of 4200
AU to an average of 800 AU gray value (Fig. 4B to D; p <
0.0001) in all three channels. The tissue background before
(1500 AU) and after (1250 AU) mLEDs exposure was
similar (Fig. 4B, C; Supplemental Figure 1) in all three chan-
nels. The pronounced reduction in LAF intensity can be
appreciated from typical plots of fluorescence intensity
values before (Fig. 4B) and after photoQ (Fig. 4C), as
derived from scans across human WM tissue samples.
Figure 4D shows a plot of the LAF levels before and after
photoQ in a human WM sample, which demonstrates the sig-
nificant reduction in LAF that was typically observed (****p
< 0.0001). We estimated that photoQ reduced the mean LAF
from all three channels by 94.5± 0.96% (n= 5 cases). This
pronounced level of reduction in LAF made it feasible to rou-
tinely visualize multiple antigens by fluorescence immunohis-
tochemistry. Figures 5 and 6, and S3 demonstrate that after 72
h photo quenching, it was feasible, for example, to
co-visualize microglia labeled with Iba1 (red) and neuronal
nuclei labeled with NeuN (green) in the same tissue
section.Whereas specific IHC staining for NeuN and Iba1

was not identified with true black (TB) treatments (Figure
6), photoQ permitted specific detection of both antigens.

Fluorescence CD44 variant detection in aging human
white matter. The CD44 transmembrane glycoprotein has
been implicated in neuroinflammatory and neurodegenerative
diseases and brain aging in humans (Peters and Sherman,
2020). The human CD44 gene includes 9 variant exons
(v2-v10) that generate alternative RNA splice variants encod-
ing diverse CD44 proteins. We examined the expression of
splice variant 8 (CD44v8) of CD44 expressed in the brains
of five human cases (Supplemental Table 1). We focused on
CD44v8 because CD44v8 containing splice variants have
been implicated in endothelial junction disruption (Zhang
et al., 2014). Notably, aging-associated white matter injury
has been shown to display blood-brain barrier disruption
related to microvascular ischemia (Hussain et al., 2021).

In addition to a ‘standard’ form of CD44 (CD44s) that
lacks variant exon-encoded sequences (Fig. 7), weakly ampli-
fied higher-sized bands were observed following PCR reac-
tions using primers that are common to all forms of CD44
(Fig. 7A). We then performed additional PCR reactions for
each of the variants and found that these tissues express mul-
tiple splice variants, including variants carrying v8 sequences
(Fig. 7B and data not shown).

Figure 5. Photomicrographs of NeuN and Iba1 stain from human and monkey cerebral white matter after 72 h photoQ exposure. Scale

bar: 50 µm.
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To further validate our photo quenching protocol, we also
evaluated LAF elimination by photoQ treatment using an
RNAscope fluorescence in situ hybridization technique in
aging human cerebral white matter. Commercially available
probes for total CD44 and CD44v8 were obtained and employed
on human brain samples (Figure 7A to H). After light treatment,
the total CD44 and CD44v8 probes were readily detected in
human cerebral white matter (Figure 7). The enhanced detection
of the total CD44 and CD44v8 puncta was achieved after LAF

elimination, while in the non-photoQ slides, many of the puncta
could not be differentiated from the LAF signal (Figure 7B, D, F,
and H), rendering this technique unusable in non-photoQ tissue
(Figure 7A, C, E, and G).

Discussion
The progressive accumulation of lipofuscin and other autofluor-
escent compounds in the aging brain has been a significant

Figure 6. Photomicrographs of human cerebral white matter demonstrate LAF with or without treatment with trueBlack® (tb) or

photoQ. Panels imaged at 405 nm: unstained to visualize only LAF (Blue). Panels imaged at 488 nm: NeuN (Green). Panels imaged at

561 nm: Iba1 (Red) Merge is shown in lower panels. Key to staining conditions: nPhotoQ+Stains: no photoQ with stains; nPhotoQ+
TB+Stains: no photoQ with TrueBlack® followed by IHC; nPhotoQ+Stains+TB: no photoQ with IHC followed by TrueBlack®; and

PhotoQ+ stains: section treated with PhotoQ follow by IHC. BV: Blood vessel. Scale bar: 50 µm.
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impediment to successfully employingfluorescence-based histo-
logical approaches to study mechanisms of neurodegeneration.
We report here that exposure tohigh-intensitymultispectral light-
emitting diodes (mLEDs) is a simple, cost-effective means to
eliminate LAF in aging brain tissue of varying thicknesses (20
−50 µm) from humans, macaques, and mice. The protocol we
developed is feasible with both free-floating and glass slide-
mounted tissue sections (cryostat cut or paraffin-embedded)
and can be adapted to efficiently process multiple samples to
ensure high throughput and reproducibility. Importantly, our
72-h photo-quenching protocol did not affect tissue integrity or
the quality of fluorescent immunohistochemical staining (see
Figs. 5 and 6) or in situ hybridization (see Fig. 7) compared to
untreated sections. Moreover, the elimination of LAF appeared
to be irreversible, even in tissue sections stored for a year after
photo-quenching (data not shown). We estimate that LAF was
reduced by 95± 1% by our 72-h photo-quenching protocol.
Essentially complete elimination of LAF was achieved with a
100-h photo-quenching protocol. However, we found that 72 h
was sufficient to confidentlydistinguish specific immunostaining
from LAF in all three species tested. However, the duration of
photo-quenching may vary for different tissue applications and
may need to be adjusted to optimize the protocol. One important
consideration is access to a cooling apparatus to mitigate the

excessive heat generation involved with prolonged exposure to
mLEDs. Placement of the mLED arrays in a cold room together
with additional ice trays and cold packs prevented excessive heat
generation by the mLEDs and excessive evaporation of staining
solutions. We typically found that with these cooling measures,
the interior of the chamber was maintained at about 25°C
throughout the72-hphotoQprotocol.A limitationof theprotocol
is that we did not specifically test the degree of quenching
achieved for hemosiderin or other blood products, which were
not detected in our samples. Moreover, our protocol did not
reduce blood vessel-associated autofluorescence to the same
magnitude as achieved with LAF (see Fig. 6).

We initially tested lower-intensity LED arrays (Duong and
Han, 2013; Sun et al., 2017), but found that quenching of LAF
was incomplete for human brain tissue from advanced aging,
where lipofuscin pigments were extremely high. A prior study
found LED arrays to be effective for reduction of autofluores-
cence in cat and rabbit brain tissue but did not evaluate aging
human or nonhuman primate brain tissues, which are highly
enriched in intensely fluorescent lipofuscin pigments
(Duong and Han, 2013). In agreement with these prior
studies, we also found that photoQ did not compromise the
staining of nuclear (NeuN) or cytoplasmic (Iba1) antigens
as well as other markers (see Figs. 5 and 6), which included

Figure 7. Schematic showing total CD44 primers (1), blot total CD44 (2. a: CD44s+CD44 variants), and variant 8 (2. b: CD44 v8) from

five human cerebral white matter samples. Photomicrographs of RNAscope® processed human tissue with (3: B, D, F, and H) or without (3:
A, C, E, and G) photoQ. The Hs-CD44-C2 probe detects Homo sapiens CD44 molecule (Indian blood group) (CD44) transcript variant 1

mRNA, containing all variant exons, and the Hs-CD44-O1 probe detects Homo sapiens CD44 molecule (Indian blood group) (CD44)

transcript variant 8 mRNA. Scale bar: 20 µm (G and H).
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membrane-associated markers (CD44) and oligodendrocyte
lineage markers (platelet-derived growth factor receptor
alpha) and myelin basic protein (data not shown). This con-
trasts with chemical quenching agents, which were not effec-
tive in significantly reducing LAF in the aging brain and
reduced specific immunofluorescent staining (see figures 6
and Supplemental S3).

Despite the extensive use of mouse models in aging studies,
the impact of LAF on the histological analysis of these models
has not been systematically addressed in cerebral white matter.
Although mice appear to differ from higher mammals in the
ultrastructural features of CNS (Central Nervous System) lipo-
fuscin (Samorajski et al., 1965; Boellaard et al., 2004),
species-specific differences in the accumulation of lipofuscin
in aging brain have not been defined. Although we found quan-
titatively lower levels of LAF fluorescence and particle sizes
(Fig. 3) in aging mice compared to humans and macaque, the
levels were nevertheless sufficient to confound the interpretation
of immunostaining results. Although our results are limited by
the low number of aging mice, which were available for
study, they support that the accumulation of LAF appears to
broadly occur in the brain of aging mammals, including
rodents, and unless quenched, has the potential to contribute
to spurious results in mouse models, as well as humans.

Our analysis of novel CD44 variant expression in
aging-associated human cerebral white matter lesions demon-
strates that LAF posed significant challenges to validate our
results. Although CD44 contributes to inflammatory-
mediated responses to cerebral injury (Peters and Sherman,
2020) as well as CNS tumor progression (Nagasaka et al.,
1995; Jijiwa et al., 2011), the role of CD44 variants in the
response to human white matter injury has not been defined.
Alternative RNA splicing generates multiple CD44 variants,
which involves nine exons in humans (Chen et al., 2018).
In addition to the standard form of CD44 (CD44s), multiple
CD44 variants exist in the normal human brain (Kaaijk
et al., 1997). Whereas some CD44 variants are enriched in
neuritic plaques and astrocytes, variants 3, 6, and 10 are neu-
ronally associated in the human hippocampus with
Alzheimer’s disease pathology (Pinner et al., 2017). We pre-
viously reported that astrocyte-enriched CD44 is elevated
both in human neonatal white matter injury (Buser et al.,
2012) and in gray matter from nonhuman primates with nor-
mative aging (Cargill et al., 2012). Hyaluronan is one of the
principal endogenous ligands for CD44 and is enriched in
frontal cerebral white matter lesions in cases of vascular
dementia (Back et al., 2011).

We chose to detect CD44 variants by in situ hybridization
to determine if our photoQ protocol is compatible with more
complex fluorescence detection techniques in addition to
immunohistochemistry. Since our RNAscope detection proto-
col utilized paraffin-embedded tissue sections, this allowed us
to confirm that photo-bleaching was compatible with this
form of archival tissue preservation, which is typically
employed in human neuropathological studies. Moreover,

an in-situ approach allowed us to validate findings from
PCR variant detection. Indeed, although the standard form
of CD44 was detected in all five cases by PCR, the
CD44v8 splice variant displayed different expression patterns
in each case (Fig. 7). Hence, we employed a complementary
strategy to detect total CD44 vs. CD44v8 in situ by
RNAscope. Without photo-bleaching, the diffuse distribution
and high levels of LAF obscured specific fluorescent signals
from the total CD44 and CD44v8 RNAscope probes. We
also found that the size of the probe label was very similar
to smaller LAF particles, which confounded the specific iden-
tification of both the total CD44 and CD44v8 probes. The
application of the PhotoQ protocol allowed us to specifically
distinguish the relative cellular distribution of total CD44 and
CD44v8 and to validate results from PCR-based analyses of
CD44 splice variants. Our findings thus suggest a potential
role for CD44v8 in vascular disruption in aging human
white matter, since the CD44v8 containing splice variant
has been previously implicated in endothelial junction disrup-
tion (Hussain et al., 2021). Our limited analysis of five white
matter injury cases included cases with pathological
Alzheimer’s disease and/or vascular brain injury
(Supplementary Table 1). Endothelial disruption related to
blood-brain barrier disruption has been described both for
Alzheimer’s disease and for vascular brain injury (Hussain
et al., 2021). Larger numbers of human white matter injury
samples will be needed to confirm the potential roles of
CD44v8 in aging white matter.

In summary, we have addressed the unique technical chal-
lenges that LAF poses to studying mechanisms of neurodegen-
eration in the aging brains of humans, nonhuman primates, and
mice. We have validated a simple, cost-effective protocol using
high-intensity mLEDs to eliminate lipofuscin autofluorescence
in aging brain tissue, which constitutes a major impediment to
the specific detection of fluorescently tagged markers employed
in immunohistochemistry and in situ hybridization. We hope
that this protocol can be widely adapted to accelerate progress
in aging research.
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Summary Statement
We addressed the unique technical challenges to study mechanisms
of white matter injury in the aging brain using fluorescent immuno-
histochemistry and RNAscope® in situ hybridization. We developed
a cost-effective photobleaching protocol that essentially permanently
eliminates most autofluorescence in the aging brain.

Acknowledgments
Supported by grants from the National Institute on Aging
(AG054651 to ZB, AG065406 to SAB, AG031892, U01
AG006781, and U19 AG066567 which supports the ACT study,
p50 AG005136 and p30AG066509, which support the UW
Alzheimer’s disease Research Center), the National Institute of
Neurological Disorders and Stroke (NS105984 to SAB) and by the
Nancy and Buster Alvord Endowment (to C.D.K). L.S.S was sup-
ported by NIH P51 OD011092. We thank Allison Beller and
Aimee Schantz for their superb administrative support, Marta
Balogh, Kim Howard, Lisa Keene, and Amanda Keen for outstand-
ing technical support. We are very grateful to all the ACT partici-
pants and families without whose dedication to supporting critical
human research this work would be impossible.

Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding
The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was supported by the National Institute on Aging, Nancy and Buster
Alvord Endowment, NIH, National Institute of Neurological
Disorders and Stroke, (grant number AG031892, AG054651,

AG065406, U01 AG006781, U19 AG066567 , p30AG066509,
p50 AG005136 , NIH P51 OD011092, NS105984)

Supplemental Material
Supplemental material for this article is available online.

References
Andrews, L. D., & Brizzee, K. R. (1986). Lipofuscin in retinal

pigment epithelium of rhesus monkey: Lack of diminution with
centrophenoxine treatment. Neurobiology of Aging, 7(2), 107–
113. https://doi.org/10.1016/0197-4580(86)90148-x

Back, S. A., Kroenke, C. D., Sherman, L. S., Lawrence, G., Gong,
X., Taber, E. N., Sonnen, J. A., Larson, E. B., & Montine, T. J.
(2011). White matter lesions defined by diffusion tensor
imaging in older adults. Annals of Neurology, 70(3), 465–476.
doi:10.1002/ana.22484

Baharlou, H., Canete, N. P., Bertram, K. M., Sandgren, K. J.,
Cunningham, A. L., Harman, A. N., & Patrick, E. (2021). AFid:
A tool for automated identification and exclusion of autofluores-
cent objects from microscopy images. Bioinformatics (Oxford,
England), 37, 559–567. doi:10.1093/bioinformatics/btaa780

Banerjee, B., Miedema, B. E., & Chandrasekhar, H. R. (1999). Role
of basement membrane collagen and elastin in the autofluores-
cence spectra of the colon. Journal of Investigative Medicine,
47(6), 326–332. https://doi.org/10.1093/bioinformatics/btaa780

Boellaard, J. W., Schlote, W., & Hofer, W. (2004). Species-specific
ultrastructure of neuronal lipofuscin in hippocampus and neocor-
tex of subhuman mammals and humans. Ultrastructural
Pathology, 28, 341–351. doi:10.1080/019131290882330

Brizzee, K. R., Cancilla, P. A., Sherwood, N., & Timiras, P. S. (1969).
The amount and distribution of pigments in neurons and glia of the
cerebral cortex. Autofluorescent and ultrastructural studies. Journal
of Gerontology, 24, 127–135. doi:10.1093/geronj/24.2.127

Brizzee, K. R., & Johnson, F. A. (1970). Depth distribution of lipo-
fuscin pigment in cerebral cortex of albino rat. Acta
Neuropathologica, 16, 205–219. doi:10.1007/BF00687360

Buser, J., Maire, J., Riddle, A., Gong, X., Nguyen, T., Nelson, K.,
Luo, N., Ren, J., Struve, J., Sherman, L., Miller, S., Chau, V.,
Hendson, G., Ballabh, P., Grafe, M., & Back, S. (2012).
Arrested preoligodendrocyte maturation contributes to myelina-
tion failure in premature infants. Annals of Neurology, 71, 93–
109. doi:10.1002/ana.22627

Cargill, R., Kohama, S. G., Struve, J., Su, W., Banine, F., Witkowski,
E., Back, S. A., & Sherman, L. S. (2012). Astrocytes in aged non-
human primate brain gray matter synthesize excess hyaluronan.
Neurobiology Of Aging, 33(830), e813–e824. doi: 10.1016/j.
neurobiolaging.2011.07.006.

Chen, C., Zhao, S., Karnad, A., & Freeman, J. W. (2018). The
biology and role of CD44 in cancer progression: Therapeutic
implications. Journal of Hematology & Oncology, 11, 64.
doi:10.1186/s13045-018-0605-5

Corrêa, F.M., Innis, R. B., Rouot, B., Pasternak, G.W., & Snyder, S. H.
(1980). Fluorescent probes of alpha- and beta-adrenergic and opiate
receptors: Biochemical and histochemical evaluation. Neuroscience
Letters, 16, 47–53. doi:10.1016/0304-3940(80)90099-3

Duong, H., & Han, M. (2013). A multispectral LED array for the
reduction of background autofluorescence in brain tissue.
Journal of Neuroscience Methods, 220, 46–54. doi:10.1016/j.
jneumeth.2013.08.018

12 ASN Neuro

https://orcid.org/0000-0001-7800-6937
https://orcid.org/0000-0001-7800-6937
https://doi.org/10.1016/0197-4580(86)90148-x
https://doi.org/10.1002/ana.22484
http://dx.doi.org/10.1093/bioinformatics/btaa780
https://doi.org/10.1093/bioinformatics/btaa780
http://dx.doi.org/10.1080/019131290882330
http://dx.doi.org/10.1093/geronj/24.2.127
http://dx.doi.org/10.1007/BF00687360
http://dx.doi.org/10.1002/ana.22627
https://doi.org/10.1016/j.neurobiolaging.2011.07.006.
https://doi.org/10.1016/j.neurobiolaging.2011.07.006.
http://dx.doi.org/10.1186/s13045-018-0605-5
http://dx.doi.org/10.1186/s13045-018-0605-5
http://dx.doi.org/10.1186/s13045-018-0605-5
http://dx.doi.org/10.1186/s13045-018-0605-5
http://dx.doi.org/10.1016/0304-3940(80)90099-3
http://dx.doi.org/10.1016/0304-3940(80)90099-3
http://dx.doi.org/10.1016/0304-3940(80)90099-3
http://dx.doi.org/10.1016/j.jneumeth.2013.08.018
http://dx.doi.org/10.1016/j.jneumeth.2013.08.018


Hussain, B., Fang, C., & Chang, J. (2021). Blood-Brain barrier
breakdown: An emerging biomarker of cognitive impairment in
normal aging and dementia. Frontiers in Neuroscience, 15,
688090. doi:10.3389/fnins.2021.688090

Jijiwa, M., Demir, H., Gupta, S., Leung, C., Joshi, K., Orozco, N.,
Huang, T., Yildiz, V. O., Shibahara, I., de Jesus, J. A., Yong,
W. H., Mischel, P. S., Fernandez, S., Kornblum, H. I., &
Nakano, I. (2011). CD44v6 Regulates growth of brain tumor
stem cells partially through the AKT-mediated pathway. PLoS
One, 6, e24217. doi:10.1371/journal.pone.0024217

Kaaijk, P., Pals, S. T., Morsink, F., Bosch, D. A., & Troost, D. (1997).
Differential expression of CD44 splice variants in the normal
human central nervous system. Journal Of Neuroimmunology,
73, 70–76. doi:10.1016/S0165-5728(96)00167-1

Leavesley, S. J., Annamdevula, N., Boni, J., Stocker, S., Grant, K.,
Troyanovsky, B., Rich, T. C., & Alvarez, D. F. (2012).
Hyperspectral imagingmicroscopy for identification and quantitative
analysis offluorescently-labeledcells inhighlyautofluorescent tissue.
Journal of Biophotonics, 5, 67–84. doi:10.1002/jbio.201100066

Moreno-García, A., Kun, A., Calero, O., Medina, M., & Calero, M.
(2018). An overview of the role of lipofuscin in age-related neu-
rodegeneration. Frontiers in Neuroscience, 12, 464. doi:10.3389/
fnins.2018.00464

Nagasaka, S., Tanabe, K. K., Bruner, J. M., Saya, H., Sawaya, R. E.,
& Morrison, R. S. (1995). Alternative RNA splicing of the hyal-
uronic acid receptor CD44 in the normal human brain and in brain
tumors. Journal of Neurosurgery, 82, 858–863. doi:10.3171/jns.
1995.82.5.0858

Pang, Z., Barash, E., Santamaria-Pang, A., Sevinsky, C., Li, Q., &
Ginty, F. (2013). Autofluorescence removal using a customized
filter set. Microscopy Research and Technique, 76, 1007–1015.
doi:10.1002/jemt.22261

Peters, A., & Sherman, L. S. (2020). Diverse Roles for Hyaluronan
and Hyaluronan Receptors in the Developing and Adult Nervous
System. International Journal Of Molecular Sciences, 21(17).
5988. doi: 10.3390/ijms21175988

Pinner, E., Gruper, Y., Ben Zimra, M., Kristt, D., Laudon, M., Naor, D.,
& Zisapel, N. (2017). CD44 Splice variants as potential players in
Alzheimer’s disease pathology. Journal of Alzheimer’s Disease :
JAD, 58, 1137–1149. doi: 10.3233/JAD-161245

Samorajski, T., Ordy, J. M., & Keefe, J. R. (1965). The fine structure
of lipofuscin age pigment in the nervous system of aged mice.
Journal of Cell Biology, 26, 779–795. doi:10.1083/jcb.26.3.779

Santer, R. M., Partanen, M., & Hervonen, A. (1980). Glyoxylic acid
fluorescence and ultrastructural studies of neurones in the coeliac-
superior mesenteric ganglion of the aged rat. Cell and Tissue
Research, 211, 475–485. doi:10.1007/BF00234401

Schnell, S. A., Staines, W. A., & Wessendorf, M. W. (1999).
Reduction of lipofuscin-like autofluorescence in fluorescently
labeled tissue. Journal of Histochemistry and Cytochemistry,
47, 719–730. doi:10.1177/002215549904700601

Sun, Y., Ip, P., & Chakrabartty, A. (2017). Simple Elimination of
Background Fluorescence in Formalin-Fixed Human Brain
Tissue for Immunofluorescence Microscopy. Journal of
Visualized Experiments: JoVE, 2017 Sep 3;(2127), 56188. doi:
10.3791/56188.

Terman, A., & Brunk, U. T. (2004a). Lipofuscin. International
Journal of Biochemistry & Cell Biology, 36, 1400–1404.
doi:10.1016/j.biocel.2003.08.009

Terman, A., & Brunk, U. T. (2004b). Myocyte aging and mitochon-
drial turnover. Experimental Gerontology, 39, 701–705. doi:10.
1016/j.exger.2004.01.005

van Weering, D. H., Baas, P. D., & Bos, J. L. (1993). A
PCR-based method for the analysis of human CD44 splice
products. PCR Methods and Applications, 3, 100–106. doi:10.
1101/gr.3.2.100

Viegas, M. S., Martins, T. C.,, Seco, F., & do Carmo, A (2007) An
improved and cost-effective methodology for the reduction of
autofluorescence in direct immunofluorescence studies on
formalin-fixed paraffin-embedded tissues. European Journal of
Histochemistry, 51, 59–66.

Whittington, N. C., &Wray, S. (2017). Suppression of red blood cell
autofluorescence for immunocytochemistry on fixed embryonic
mouse tissue. Current Protocols in Neuroscience / Editorial
Board, Jacqueline N. Crawley. [et Al ], 81, 2.28.1–2.28.12.
doi: 10.1002/cpns.35.

Woolfe, F., Gerdes, M., Bello, M., Tao, X., & Can, A. (2011).
Autofluorescence removal by non-negative matrix factorization.
IEEE Transactions on Image Processing: A Publication of the
IEEE Signal Processing Society, 20, 1085–1093. doi:10.1109/
TIP.2010.2079810

Zhang, P., Fu, C., Bai, H., Song, E., Dong, C., & Song, Y. (2014).
CD44 Variant, but not standard CD44 isoforms, mediate disas-
sembly of endothelial VE-cadherin junction on metastatic mela-
noma cells. FEBS Letters, 588, 4573–4582. doi:10.1016/j.
febslet.2014.10.027

Adeniyi et al. 13

http://dx.doi.org/10.3389/fnins.2021.688090
http://dx.doi.org/10.1371/journal.pone.0024217
http://dx.doi.org/10.1016/S0165-5728(96)00167-1
http://dx.doi.org/10.1016/S0165-5728(96)00167-1
http://dx.doi.org/10.1016/S0165-5728(96)00167-1
http://dx.doi.org/10.1002/jbio.201100066
http://dx.doi.org/10.3389/fnins.2018.00464
http://dx.doi.org/10.3389/fnins.2018.00464
http://dx.doi.org/10.3171/jns.1995.82.5.0858
http://dx.doi.org/10.3171/jns.1995.82.5.0858
http://dx.doi.org/10.1002/jemt.22261
https://doi.org/10.3390/ijms21175988
https://doi.org/10.3233/JAD-161245
http://dx.doi.org/10.1083/jcb.26.3.779
http://dx.doi.org/10.1007/BF00234401
http://dx.doi.org/10.1177/002215549904700601
https://doi.org/10.3791/56188.
https://doi.org/10.3791/56188.
http://dx.doi.org/10.1016/j.biocel.2003.08.009
http://dx.doi.org/10.1016/j.exger.2004.01.005
http://dx.doi.org/10.1016/j.exger.2004.01.005
http://dx.doi.org/10.1101/gr.3.2.100
http://dx.doi.org/10.1101/gr.3.2.100
https://doi.org/10.1002/cpns.35.
http://dx.doi.org/10.1109/TIP.2010.2079810
http://dx.doi.org/10.1109/TIP.2010.2079810
http://dx.doi.org/10.1016/j.febslet.2014.10.027
http://dx.doi.org/10.1016/j.febslet.2014.10.027

	 Introduction
	 Materials and Methods
	 Ethics Statement, Subjects, and Tissue Handling
	 Tissue Preparation
	 Measurements and Quantification of Fluorescence Intensity
	 Apparatus set-up and Protocol for Photo Quenching (PhotoQ)
	 Immunofluorescent Staining
	 CD44 Polymerase Chain Reaction (PCR)
	 RNAscope® Protocol
	 Statistical Analysis

	 Results
	 Discussion
	 Acknowledgments
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


