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Integrated one- and two-photon imaging platform
reveals clonal expansion as a major driver of

mutation load
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The clonal expansion of mutant cells is hypothesized to be an
important first step in cancer formation. To understand the earliest
stages of tumorigenesis, a method to identify and analyze clonal
expansion is needed. We have previously described transgenic
Fluorescent Yellow Direct Repeat (FYDR) mice in which cells that
have undergone sequence rearrangements (via homologous re-
combination events) express a fluorescent protein, enabling fluo-
rescent labeling of phenotypically normal cells. Here, we develop
an integrated one- and two-photon imaging platform that spans
four orders of magnitude to permit rapid quantification of clonal
expansion in the FYDR pancreas in situ. Results show that as mice
age there is a significant increase in the number of cells within
fluorescent cell clusters, indicating that pancreatic cells can clonally
expand with age. Importantly, >90% of fluorescent cells in aged
mice result from clonal expansion, rather than de novo sequence
rearrangements at the FYDR locus. The spontaneous frequency of
sequence rearrangements at the FYDR locus is on par with that of
other classes of mutational events. Therefore, we conclude that
clonal expansion is one of the most important mechanisms for
increasing the burden of mutant cells in the mouse pancreas.
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Cancer is caused by the accumulation of mutations within a
single cell lineage. This multistep process occurs through
successive rounds of clonal expansion and selection of cells that
have acquired mutations that confer growth advantages (1-4).
Although the clonal expansion of premalignant cells is hypoth-
esized to be an important precursor to the development of cancer
(3), no methods have been developed for studying clonal expan-
sion within intact histologically normal tissue.

Mitotic homologous recombination (HR) events are an im-
portant class of mutations that can promote tumorigenesis (5).
During the repair of DNA double strand breaks by HR, homol-
ogous DNA is used as a template for repair (for review see ref.
6). Although HR is considered to be error-free, recombination
between misaligned sequences can occur, resulting in deleterious
sequence rearrangements (5). Given the inherent risk of recom-
binational repair of DNA damage, it is not surprising that genetic
and environmental factors that stimulate HR are risk factors for
cancer (7-15).

To study HR in vivo, we used transgenic Fluorescent Yellow
Direct Repeat (FYDR) mice, in which a HR event at an
integrated transgene results in expression of a fluorescent pro-
tein (16). Our previous work shows that recombinant cells
accumulate in the pancreas of FYDR mice with age as the result
of de novo recombination events. In addition, results suggest that
clonal expansion of previously existing recombinant cells may
also contribute to the accumulation of recombinant cells (17).
The extent of clonal expansion had been assessed by using
standard wide-field fluorescence microscopy, but because of the
inherent limitations of standard microscopy when imaging thick
tissues, it was not possible to determine the number of recom-
binant cells per focus (i.e., per cluster of recombinant fluorescent
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cells). Thus, the extent of clonal expansion, an important pre-
cursor to tumor formation, could not be quantified.

Whereas wide-field fluorescence microscopy excites fluoro-
phores based on one-photon absorption, in two-photon microscopy
fluorophores are excited by the simultaneous absorption of two
photons, enabling in-depth resolved imaging with micrometer-scale
resolution (18). However, although two-photon microscopy offers
3D imaging of tissues, analysis of significant tissue volumes (e.g., >1
cm?) is prohibitively data intensive and slow (19), making this a
suboptimal approach for the detection and quantification of rare
fluorescent objects within a relatively large region of tissue (20).

Here, we have combined the speed of traditional wide-field
fluorescence microscopy with the 3D resolution of two-photon
microscopy to create a quantitative method for the analysis of
rare fluorescent objects within intact tissue. Specifically, we
applied wide-field fluorescence microscopy to rapidly map re-
combinant foci throughout the tissue, and subsequently applied
two-photon microscopy to perform high-resolution 3D imaging
and analysis. This integrated one- and two-photon imaging
platform was then used to study the effect of aging on HR in the
pancreas. Results reveal that as mice age recombinant pancreatic
cells undergo surprisingly extensive clonal expansion and that,
indeed, the vast majority of recombinant cells in aged animals
arose via cell division, rather than via de novo sequence rear-
rangements. It is noteworthy that the spontaneous frequency of
sequence rearrangements at the FYDR locus is on par with that
of loss of heterozygosity events (21), making this a powerful
approach for evaluating the relative contribution of de novo
sequence rearrangements and cell division to the ultimate
burden of mutant cells.

Results

Development of Two-Photon Imaging for Analysis of Recombinant
Foci. FYDR mice carry a direct repeat substrate for which HR
events can restore full-length enhanced yellow fluorescent pro-
tein (EYFP) coding sequence. These sequence rearrangements,
or mutations, result in the appearance of fluorescent cells (16)
(Fig. 14). To identify recombinant cells within intact pancreata
of FYDR mice, we had previously developed an in situ imaging
method using traditional wide-field fluorescence microscopy
(17) (Fig. 1B).

Similar to microbial colony counting for mutation analysis
where each colony is derived from a single mutation event, the
number of recombination events per pancreas can be estimated
by counting fluorescent foci detected within in situ images.
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Fig. 1. FYDR system and analysis of fluorescent foci in mouse pancreata. (A)
Arrangement of the FYDR transgenic recombination substrate. Large arrows
indicate expression cassettes; yellow boxes show coding sequences; black
boxes indicate positions of deleted sequences (deletion sizes not to scale). (B)
Traditional wide-field fluorescence microscopy image of freshly excised pan-
creatic tissue. Overlay of EYFP (510-560 nm) and UV (420 nm) images. Bright-
ness/contrast were optimized for each image. (C) Traditional wide-field fluo-
rescence microscopy images of representative recombinant cell clusters in
freshly excised tissue. Images show overlays of EYFP (510-560 nm) and UV (420
nm) images. (Left) Focus on the surface of the tissue sample. (Right) Focus
below the surface. Brightness/contrast were optimized for each image. (D) A
2D plane imaged through a representative focus using two-photon micros-
copy. (Left) The blue channel images the nuclei stained with Hoechst. (Center)
The yellow channel images the EYFP-expressing recombinant cell. (Right)
Overlay of blue and yellow channels. Note that all images are pseudocolored.
(Scale bars: B, 1 mm; C, 10 um ; D, 20 um.)

Furthermore, the total number of recombinant cells per pan-
creas can be determined by evaluating the number of cells
contained within all fluorescent foci. However, given the limi-
tations of standard wide-field fluorescence microscopy, only
recombinant foci located on the surface of the pancreas have
distinct boundaries, enabling estimation of the number of cells
within the focus (Fig. 1C Left). In contrast, for foci located below
the surface, light scattering blurs the cell boundaries, making it
impossible to quantify the number of cells per focus (Fig. 1C
Right). Thus, to determine the number of cells contained within
fluorescent recombinant foci we developed a two-photon
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method to create images of cross-sections of recombinant foci.
By overlaying images of Hoechst stained nuclei (Fig. 1D Left)
and yellow fluorescent cytoplasm (Fig. 1D Center), the number
of individual cells (=20-30 wm in diameter) contained within a
single cross-section of the recombinant focus can be quantified
(Fig. 1D Right). It is noteworthy that traditional microscopy often
distorts the apparent size of a focus such that foci that are
actually small can appear large and vice versa [see supporting
information (SI) Fig. S1].

Quantification of Cell Number per Recombinant Focus Using Two-
Photon Microscopy. For our studies, the number of recombinant
cells per focus is the most important parameter. To quantify the
number of recombinant cells per focus, we extended an image
analysis algorithm developed previously (22). Briefly, the image
stack of the tissue region harboring EYFP expressing cells
(vellow fluorescence) is spatially coregistered with Hoechst
labeled nuclei (blue fluorescence). For each 2D plane in the 3D
image stack, the segmentation of the EYFP-expressing tissue
region is accomplished by an intensity thresholding method. We
used a watershed-based algorithm to segment adjacent nuclei to
obtain a more reliable estimate of the number of nuclei (which
was verified by independent manual counting).

Counting the number of nuclei in a 3D cluster involves
identification of nuclei in multiple planes. We applied our
algorithm to identify and count the number of nuclei that fall
within the confines of the EYFP-labeled cytosol within each
plane. Subsequently, the centroids of nuclei in adjacent planes
were compared. If the centroids of two nuclei on two adjacent
planes fell within a critical lateral distance (as determined by the
known typical nuclear size), they were marked as being from the
same nucleus. This procedure ensures that the same nucleus is
not counted redundantly in adjacent planes, enabling the accu-
rate quantification of the number of recombinant cells per focus.

Integrating One- and Two-Photon Imaging Platforms. Whereas two-
photon microscopy allows for effective quantification of the number
of cells per recombinant focus (=8 X 10~° mm?), analyzing the
entire mouse pancreas (~100 mm?) would take >70 h. Therefore,
to make it possible to study multiple mice under different condi-
tions, we created an integrated wide-field fluorescence microscopy
and two-photon microscopy imaging system that enables rapid data
collection for both the frequency of recombinant foci and the
number of cells within foci. The first step of data acquisition
requires the coregistration and alignment of the fields of view for
the X1.25 wide-field fluorescence microscopy and X20 two-photon
microscopy objectives (Fig. 24). Unfixed, freshly excised samples of
pancreata are then uniformly compressed to a thickness of 0.5 mm
and mounted on an automated specimen stage (Fig. 2B). The entire
surface of the pancreas is then imaged under a low-powered
objective using traditional wide-field fluorescence microscopy (Fig.
2C). Fluorescent recombinant foci are identified, and their xy
coordinates are mapped within the composite images (Fig. 2D).
Subsequently, centering on the coordinates of the previously
mapped positions, two-photon microscopy is used to create multi-
ple sequential z-planes throughout the thickness of a given focus
(Fig. 2E). To note, foci vary in thickness from ~10 um to >100 pm.
The penetration depth of two-photon microscopy in pancreatic
tissue is ~200 wm, thus limiting our analysis to foci in positions
within 200 wm of the tissue surface. In the final step, the images are
deconvoluted to produce a 3D reconstruction of the focus, differ-
entiating Hoechst-stained nuclei and EYFP (Fig. 2F). Thus, the
combination of wide-field fluorescence microscopy and two-
photon microscopy enables the identification and analysis of re-
combinant foci over the entire surface of a pancreas.

The Frequency and the Sizes of Fluorescent Foci Increase with Age. To
study the effect of aging on recombinant cell frequency, we
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Fig.2. Imaging procedure for 3D site-selective tissue cytometry. (A) Alignment: Using a centering slide containing a cross-hair target, the field of view of wide-field
fluorescence microscopy (WFM) and two-photon microscopy (TPM) are aligned. (B) Sample mounting: Each pancreas sample is compressed between two glass coverslips
to a thickness of 0.5 mm. (C) Wide field microscopy: A series of wide-field fluorescence microscopy images are taken and are montaged to map the foci in the tissue.
(D) Recording sites of interest: Positions of the foci are recorded. (E) Two-photon microscopy of sites of interest: A series of two-photon microscopy image stacks are
taken at each focus location by using an automated x-y stage. (F) 3D reconstructed image cubes of a representative focus containing seven cells are shown for the blue
channel (Left), the yellow channel (Center), and an overlay of blue and yellow channels (Right). The edge length of this cube is 50 um.

analyzed pancreata from two age groups: “juvenile” (4-5 weeks
old) and “aged” (74-83 weeks old). Representative composite
images collected using wide-field fluorescence microscopy show
that both the frequency and the apparent sizes of the foci appear
to increase with age (compare Fig. 3.4 and B), which is consistent
with our previous studies (see ref. 17). Two-photon analysis
shows that the median number of cells per focus is statistically
significantly higher in aged compared with juvenile mice, with six
versus two cells per focus, respectively (Fig. 3C, note y axis scale).
Of the foci analyzed in pancreata of 10 juvenile mice, the largest
recombinant focus contained five cells (Fig. 3D). In contrast,
~54% of recombinant foci analyzed in four aged mice contain
more than five cells (Fig. 3C), with the largest focus containing
68 cells (Fig. 3E). Given that recombination at the FYDR
substrate within pancreatic cells is a rare event [~5 per million
(17)], the probability that two neighboring recombinant cells
within a large focus occurred as the result of two independent
recombination events is extremely unlikely. Thus, these data
clearly demonstrate that recombinant pancreatic cells clonally
expand with age.

The pancreas contains multiple cell types, including ductal,
acinar, and islet cells, which are able to express the FYDR
substrate (17). Previously, we had analyzed cells within 43
recombinant foci from FYDR mice, and all were found to be
acinar cells (17). Given that ~80% of the pancreas is composed
of acinar cells (23), we wondered whether additional analysis
would reveal recombinant islet and/or ductal cells. An additional
78 foci were analyzed in frozen sections from aged FYDR mice
to amass data from >100 independent foci. The cell types within
these sections were determined by using antibodies specific for
ductal, islet, and acinar cells (Fig. 3F). All of the recombinant
foci analyzed contained acinar cells (Fig. 3F). Occasionally, we
observed foci that appeared to contain both acinar and ductal
cells (6 of 78 foci), but we never observed recombinant ductal
cells in isolation. Thus, the vast majority of fluorescent cells seen
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within pancreata of FYDR mice are acinar cells that have
undergone a recombination event at the FYDR substrate.

Discussion

For some tumors, it may take 20-40 years from the initial
formation of a cancer progenitor cell until the appearance of a
detectable tumor (24-27). During this time, the population of
precancerous cells can increase as the result of clonal expansion
(3). However, these clonal cell populations can appear to be
phenotypically normal, even though they have acquired muta-
tions in tumor suppressors or oncogenes that may provide a
survival and proliferative advantage. The ability to detect clonal
expansion in situ within histologically normal tissue enables the
identification of these clonal cell populations, and studying these
cells may provide insights into of the earliest stages of cellular
transformation, before the clinical appearance of a tumor.
Here, we have combined the ability of 2D wide-field fluores-
cence microscopy to rapidly identify rare fluorescent objects
with the high resolution of 3D two-photon microscopy to
develop an imaging platform that rapidly identifies rare fluo-
rescent cells within a tissue (centimeter scale) and subsequently
analyzes these cells at high resolution (micrometer scale). Using
the FYDR mice, it is now possible to detect the accumulation of
cells harboring rare sequence rearrangements while simulta-
neously studying the extent to which conditions foster clonal
expansion of such mutant cells. Although a few studies have
analyzed clonal expansion of mutant cells within tissue sections
(28-30), most other mutation assays require tissue disaggrega-
tion followed by analysis of either cultured primary cells or
genomic DNA [e.g., RMC, Aprt, Tk, Big Blue, Muta Mouse,
GptA (31-34)], thus limiting information about the clonal rela-
tionship among mutant cells. In addition, being able to detect a
single fluorescent cell within an entire pancreas [~3 X 107 cells
(35)], makes this imaging technique one of the most sensitive
methods for detecting rare DNA sequence changes. Taken
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Effects of aging on the size of recombinant cell clustersin the pancreas. (A and B) Wide-field fluorescence microscopy images of pancreata from a juvenile

(A) and an aged (B) mouse. Examples of pancreata with the highest number of recombinant foci for each cohort are shown. Arrows indicate cell clusters
containing the most recombinant cells for each cohort. Brightness/contrast were optimized for each image. (C) Number of cells per recombinant focus as
determined by two-photon microscopy for foci from 10 juvenile (n = 79) and 4 aged (n = 68) mice. *, Aged cohort is statistically significantly higher than juvenile
cohort (P < 0.0001). Medians are indicated by black bars. (D) 3D reconstruction of the largest fluorescent recombinant focus (five cells) found in pancreata of
10 juvenile FYDR mice imaged by two-photon microscopy. The dimensions of this 3D volume are 240 X 240 X 41 um along x, y, and z directions. (E) 3D
reconstruction of the largest fluorescent recombinant focus (68 cells) found in pancreata of four aged FYDR mice imaged by two-photon microscopy. The
dimension of this 3D reconstructed volume is 240 X 240 X 53 um along x, ¥, and z directions. (F) Analysis of cell type of fluorescent foci in mouse pancreata. Images
show one representative focus for (left to right): H&E staining; recombinant focus taken using an EYFP (510-560 nm) filter; immunohistochemical staining for
ductal cells (DBA lectin); immunohistochemical staining for islet cells (a-insulin antibody); and immunohistochemical staining for acinar cells (a-amylase
antibody). Brightness/contrast were optimized for each image. Note that images are pseudocolored. (Scale bars: A and B, 5 mm.) (Magnification: F, X40.)

together, integrated one- and two-photon imaging provides a
highly sensitive method for detecting and analyzing cells that
contain small sequence rearrangements within intact tissues.

Although the formation of new mutations can promote tu-
morigenesis, it has been suggested that susceptibility to clonal
expansion of preexisting mutant cells is also important to
carcinogenesis (3). Here, results show that, if anything, clonal
expansion plays a more important role in contributing to the
burden of cells harboring a mutation at a particular locus than
do de novo sequence rearrangements. More specifically, in this
study we observed that within the 68 recombinant foci analyzed
in aged mice, there were a total of 898 recombinant cells. Given
that each independent focus originated from a single recombi-
nation event, then 68 of these 898 recombinant cells were caused
by de novo recombination events and 830 of the 898 cells arose
as the result of clonal expansion of previously existing recom-
binant cells. Therefore, >90% of recombinant cells in aged
animals are the result of clonal expansion. Together, these data
show that clonal expansion is by far the most significant con-
tributor to the overall increase in the number of pancreatic cells
harboring DNA sequence rearrangements with age.

Wiktor-Brown et al.

Measuring HR events provides information on both the
formation of double-strand breaks and the ability of cells to use
HR as a repair pathway. Although HR is generally error-free,
recombination between misaligned sequences can cause inser-
tions, deletions, and translocations that promote cancer. In fact,
the FYDR mice specifically detect sequence rearrangements
that result from misalignments at a repeat sequence (for mech-
anisms, see ref. 36), which occur not only at the FYDR locus, but
throughout the genome [of which ~40% is composed of repeat
elements (37)]. In addition, the results of these studies can be
generalized to other classes of mutations. For example, the
recombination events captured by the FYDR substrate occur at
a frequency that is very similar to the frequency of loss of
heterozygosity (21) and the frequency of spontaneous mutations
within a gene (31). Thus, one would expect to see similar
accumulations of other known tumor-promoting sequence
changes, such as loss of heterozygosity events and points muta-
tions, in pancreatic cells with age.

Within the FYDR pancreas, recombinant cells are most likely
acinar cells. Acinar cells are part of the exocrine pancreas and
secrete hydrolytic enzymes into the duodenum that aid in digestion.
The secretory unit within the exocrine pancreas is a grape-like
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structure called an acinus, which contains 10—40 acinar cells that
secrete enzymes into a system of epithelial ducts (38). Interestingly,
acinar cells appear to play an important role in tumor formation.
Evidence suggests that acinar to ductal transdifferentation can
occur in vivo and in vitro, leading to the formation of pancreatic
intraepithelial neoplasias and pancreatic ductal adenocarcinoma
(39-45). In the adult pancreas, acinar cells exhibit extremely low
levels of proliferation [~1% of cells are in S phase (46)] and persist
for long periods of time [turnover time of mouse acinar cells is
estimated to be ~500 days (47)]. Thus, the dramatic accumulation
of recombinant acinar cells with age is most likely caused by a
combination of de novo recombinant events, clonal expansion, and
a relatively long persistence of acinar cells within the tissue. Here,
we observed one recombinant focus from an aged mouse that
contained 68 cells, indicating that significant clonal expansion (at
least seven population doublings) can occur within the acinar cell
compartment of the adult pancreas. These data provide additional
information regarding the proliferative capacity of adult acinar cells
in vivo, and it will be interesting to further apply these techniques
to learn more about how injury affects clonal expansion of pan-
creatic cells.

It is well established that mutations cause cancer. Thus, it is of
great interest to know what causes mutations in mammals. In the
absence of technologies that reveal clonal expansion, our atten-
tion has generally been directed toward de novo mutagenesis,
and relatively few studies have asked the relative importance of
de novo mutagenesis compared with mutations that arise as a
consequence of clonal expansion from preexisting mutant cells.
With the development of these approaches that combine 2D
wide-field fluorescence microscopy and 3D two-photon micros-
copy imaging, mutant cells can be visualized within intact tissue.
Here, we show that in at least one mammalian tissue the major
underlying cause of a high burden of mutant cells is not de novo
mutagenesis but rather clonal expansion. It will be interesting to
learn about the underlying causes of such clonal expansion; of
interest is the possibility that injury and/or infection could
promote cell division. Taken together, the techniques described
here thus open the doors to studies of how our genes and
environment impact one of the most significant mechanisms of
mutation accumulation in the pancreas: clonal expansion.

Materials and Methods

One- and Two- Photon Microscopy Platform. Wide-field fluorescence micros-
copy and two-photon microscopy are combined into a single system as shown
in Fig. 2. The instrument is implemented on a Zeiss Axiovert 110 microscope.
An automated x-y stage (H101; Prior Scientific) allows stage scanning. A
control computer coordinates both the image acquisition electronics of both
wide-field fluorescence microscopy and two-photon microscopy and auto-
mated specimen stage.

Wide-field fluorescence microscopy uses a green diode laser (BTG-2S; Beam
of Light Technologies) as its excitation source. The excitation beam is magni-
fied by a beam expander and is focused at the back focal plane of the x1.25,
0.04-NA objective (Plan Apo; Olympus), producing uniformillumination of the
specimen. A Pixera Pro 150ESM Pander CCD camera acquires wide-field images
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with a field of view of 4.7 X 6 mm. The typical image integration time is 10 s
per frame.

The two-photon microscope uses a femtosecond Ti:Sapphire laser, (Tsunami;
Spectra Physics) as its light source. The typical power at the specimen is <25 mW.
The laser beam is raster scanned across the sample plane with an x-y galvano-
metric scanner (Cambridge Technology) producing 256 X 256-pixel images. The
expanded laser beam reflected by a dichroic mirror overfills the back aperture of
the microscope objective. A Zeiss X 20, 0.75-NA objective was used with a field of
view of 240 X 240 um. The fluorescence signal is collected by the objective and is
transmitted through the dichoric mirror and the IR blocking filter. The signal is
separated into blue and green channels via an appropriate filter combination to
detect Hoechst and YFP fluorescence. These signals are measured by photomul-
tiplier detectors (R3896; Hamamatsu) using single photon counting electronics
and are recorded by the control computer. A piezoelectric objective translator
(Jena) translates the objective axially over 300-pum range for axial scanning. The
control computer reconstructs 3D image stacks by correlating the measured
signal intensity with the known x-y-z raster scan pattern. The typical image
acquisition time is ~4 s for a 2D image slice.

Mice. Ten Juvenile (4-5 weeks old) and 4 aged (74-83 weeks old) female
C57BL/6 FYDR mice (28) were retroorbitally injected with 0.04 mg/g body
weight of 5 mg/ml Hoechst 33342 (Sigma-Aldrich) in PBS. Twenty minutes
after injection, mice pancreata were isolated and placed in ice-cold PBS
containing 0.01% soybean trypsin inhibitor (Sigma-Aldrich). Whole pancre-
ata were pressed between glass slides separated by 0.5-mm spacers and
imaged as described above.

Immunohistochemistry. Immunohistochemistry was performed on frozen sec-
tions (5 um thick) of pancreas taken from an aged (73 weeks old) female FYDR
mouse. Slides were dried at room temperature for 30 min, fixed in 10%
formalin for 10 min, and permeabilized for 10 min in 0.2% Triton X-100, and
0.05% Tween 20 in TBS, and blocking was performed for 30 min in 1% BSA in
TBS. Sections were incubated with primary antibodies against amylase (rabbit,
1:200; Sigma-Aldrich) for acinar cells (48) and against insulin (guinea pig,
prediluted 30.5 mg/liter; Invitrogen) for islet cells (49) at 4°C in a humidity
chamber overnight. After washes with TBS, sections were incubated with
secondary antibodies (Alexa Fluor 350 goat anti-rabbit, Alexa Fluor 594 goat
anti-guinea pig; Invitrogen) diluted 1:500 for 30 min at room temperature,
washed extensively with TBS, and imaged by using a fluorescent microscope.
Sections were then stained with DBA lectin (Fluorescein or Biotin conjugated,
1:100; Vector Laboratories), a marker specific for epithelial and ductal cells
(50), at room temperature for 30 min. For sections stained with biotinylated
DBA, sections were incubated with secondary antibody (streptavidin Alexa
Fluor 594; Invitrogen). Sections were washed extensively with TBS and imaged
with a fluorescent microscope. After imaging, sections were H&E-stained.
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