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Site-specific Differences in Gene Expression of Secreted Proteins
in the Mouse Lung: Comparison of Methods to Show
Differences by Location
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SUMMARY Studies on the effects of pulmonary toxicants on the lung often overlook the
fact that site-specific changes are likely to occur in response to chemical exposure. These
changes can be highly focal and may be undetected by methods that do not examine specific
lung regions. This problem is especially acute for studies of the conducting airways. In this
study, differential gene expression of secreted proteins in the lung by different methods of
collection (whole lung, gross airway microdissection, and laser capture microdissection) and
by airway levels (whole lobe, whole airway tree, proximal airways, airway bifurcations, and
terminal bronchioles) was examined. Site-specific sampling approaches were combined with
methods to detect both gene and corresponding protein expression in different lung
regions. Differential expression of mRNA by both airway level and lung region was deter-
mined for Clara cell secretory protein, calcitonin gene-related peptide, uteroglobin-related
protein 2, surfactant protein A, and surfactant protein C. Therefore, for maximal enrichment
of mRNA and maximal ability to identify changes in mRNA levels in the diseased state or in lung

response to chemical exposure, it is critical to choose the appropriate airway region and respiratory tract
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sample collection method to enrich detection of the transcript(s) of interest.
(J Histochem Cytochem 58:1107-1119, 2010)

THE LUNG IS A UNIQUE ORGAN in both the complexity of
its physiology and the ability of toxicants to target spe-
cific lung regions and cell types. Lung cell types vary
greatly by location and are not uniformly distributed. It
is often emphasized that, by some counts, the lung has
more than 40 different cell types (Breeze and Wheeldon
1977). Populations of cells differ by airway level and
region. In the mouse, larger, more proximal airways are
characterized by a pseudostratified epithelium with
glands present only in the most proximal regions. Distal
to the trachea, glands are not present and the airway
epithelium becomes more cuboidal. Distal airway gen-
erations are smaller, and Clara cells emerge as the domi-
nant secretory cell type in the terminal bronchiole, which
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epithelium
gene expression

opens up into the alveolar duct and alveoli, the gas
exchange region of the lung. This region contains alveo-
lar epithelial Type I and Type Il cells (Crystal et al. 2008).
Inhaled toxicants can target each one of these epithelial
cell types and/or regions of the lung, and susceptibility
to injury, as well as repair response, has been shown
to vary by airway region (Plopper et al. 1992; Peake
et al. 2000).

The majority of lung toxicity studies investigate
global, lung gene expression changes in response to
chemical exposure; the whole lung is homogenized
without regard for microenvironmental regions and
their contribution to the cellular response. Although
this approach can yield valuable data, many pulmonary
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shtml). JHC deposits all of its published articles into the U.S.
National Institutes of Health (http://www.nih.gov/) and PubMed
Central (http://www.pubmedcentral.nih.gov/) repositories for public
release twelve months after publication.
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toxicants have site-specific effects that can be diluted or
undetectable using this approach. The purpose of this
study is to evaluate gene expression of a select group
of genes for secreted proteins involved in chronic air-
way diseases by both conventional whole lung lobe
analysis and by newer, more site-selective approaches
[gross airway microdissection and laser capture micro-
dissection (LCM)] to compare and quantify differential
gene expression. The site of secreted protein synthesis
is especially important to determine because these pro-
teins can move far from their site of origin.

Secreted proteins in the lung are abundant, but distri-
bution varies for both sites of synthesis and sites of action.
For this study, members of the secretoglobin family
[SCGB1A1, also known as Clara cell secretory protein
(CCSP), and SCGB3A1, also known as uteroglobin-
related protein 2 (UGRP2)], components of lung surfac-
tant [surfactant protein A (SP-A) and surfactant protein C
(SP-C)], and neuropeptide calcitonin gene-related peptide
(CGRP) were investigated because of their importance in
normal lung function and homeostasis. Furthermore,
many of these genes have either gene/protein alterations
or deficiencies in lung disease. For example, CCSP, a
member of the secretoglobin family also known as
CC10, is a 10-kDa protein with anti-inflammatory
properties, which is regarded as a Clara cell marker in
laboratory animals because mature Clara cells express
abundant levels of this protein and its pattern of expres-
sion parallels postnatal Clara cell maturation (Singh
et al. 1990; Cardoso et al. 1993; Singh and Katyal
1997; Coppens et al. 2009). Moreover, CCSP has clinical
implications in human airway disease—it has been
shown that smokers, asthmatics, and patients with lung
cancer have significantly decreased CCSP expression in
serum and lavage fluid (Shijubo et al. 2003). Hence,
site-specific investigation of changes in CCSP expression
in response to toxicant exposures may give further in-
sight into the role of CCSP in the diseased lung.

CGRP is a neuropeptide secreted from pulmonary
neuroendocrine cells (PNECs) present in the airway
epithelium. CGRP is substantially enriched in airway
bifurcations and in neuroepithelial bodies (NEBs) along
the main axial path of the conducting airways (Peake
et al. 2000; Reynolds et al. 2000). NEBs have CGRP-
expressing PNECs, and co-localized injury-resistant
CCSP-expressing cells are involved in epithelial regen-
eration and repair after epithelial injury (Reynolds et al.
2000; Hong et al. 2001). Because of the specific locali-
zation of CGRP and its role in cell proliferation and
PNEC hyperplasia (Stevens et al. 1997), pulmonary
toxicants affecting bifurcations and terminal bronchioles
could have detrimental consequences on epithelial re-
pair. Detection of site-specific effects may be over-
looked by conventional methods of sample collection
for gene expression studies as conducting airways com-
prise a small percentage of the whole lung volume and

Sutherland, Combs, Edwards, Van Winkle

CGRP is highly expressed only in a subset of these con-
ducting airways.

UGRP2 is a member of the secretoglobin family
(member SCGB3A1) present predominantly in extra-
pulmonary trachea and bronchi in terminally differen-
tiated epithelial cells. UGRP2 is thought to be involved
in maintenance of the terminally differentiated airway
phenotype (Porter et al. 2002). In addition, UGRP2
mRNA is regulated by multiple cytokines and is poten-
tially involved in inflammation, immunologic responses,
and diseases, such as asthma (Yamada et al. 2005). In
humans, UGRP2, also known as high in normal-1, is
a candidate tumor suppressor gene and is silenced in
various human cancers including lung, breast, and pros-
tate cancers (Krop et al. 2001,2004).

Surfactant proteins, part of the pulmonary surfactant
that lines the air passages in the lung, are phospholipid-
associated proteins involved in regulating lung volume
and surface tension and are present in Type II cells and
alveolar lining (Turell 2008). SP-A, one of the four
surfactant-associated proteins, is also expressed in
non-ciliated bronchiolar epithelial cells and is involved
in host defense systems against pathogens, such as
mycobacterium (Lopez et al. 2009) and viruses (van
Iwaarden et al. 1991; Benne et al. 1995). In contrast,
SP-C is produced primarily by Type II cells in the al-
veolar compartment and is a hydrophobic membrane
protein that is involved in surfactant film formation
(Weaver and Conkright 2001) and used in the treat-
ment of neonatal respiratory distress syndrome (Merrill
and Ballard 2003).

This study examines gene and protein expression
patterns for five secretory proteins of the lung. These
secretory proteins were selected because they represent
a high-abundance protein for the entire conducting air-
way tree (CCSP), a low-abundance protein with focal
expression in the airway tree (CGRP), a protein that is
more abundant in proximal airway regions (UGRP2),
and two surfactant proteins with differential compart-
mental expression between airways and alveoli (SP-A
and SP-C). The goal of this study was to demonstrate
the enrichment that different methods can afford for
defining site-specific gene expression in the lung and
to confirm the compartmental-specific gene expression
using new methodology.

Materials and Methods

Animals and Treatments

Adult male NIH Swiss mice (10 weeks of age) were
purchased from Harlan Laboratories (Hayward, CA)
and housed in a high-efficiency particulate air-filtered
laminar flow cage rack with a 12 hr light/dark cycle and
allowed free access to food and water. Animals were given
a 1- to 2-week acclimation period before experiments
were conducted and were housed in American Association
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Regional Gene Expression of Secreted Proteins

for Accreditation of Laboratory Animal Care-approved
facilities. Animal use protocols were approved by the
University of California-Davis Institute for Animal Care
and Use Committee. Five to six animals were used for
each analysis. Mice were administered corn oil by IP
injection at a concentration of 10 pl/g body weight once
daily for 7 days. This dosing regimen was chosen as con-
trol scenario to precede future studies where chemicals
are administered IP in a corn oil vehicle. On day eight,
mice were anesthetized with an overdose of Fatal Plus
(Vortech Pharmaceuticals; Dearborn, MI) and eutha-
nized by exsanguination.

Tissue Preparation

For collection of whole lung and intrapulmonary air-
way tree samples, the trachea was cannulated and the
lungs were removed and inflated to capacity with
RNAlater (Ambion/Applied Biosystems; Foster City,
CA) through the tracheal cannula. The lungs were

Figure 1 Airway levels captured by
laser capture microdissection (LCM).
Representative airways before laser
capture and post-laser capturing of
mouse terminal bronchioles (A,B), air-
way bifurcations (C,D), and mid-level
bronchioles (E,F). Bars: A,B = 310 um;
C—F = 100 pm.
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stored at 4C for 24 hr and then moved to —20C until
microdissection and RNA isolation could be per-
formed. For whole lung analysis, the right cranial lobe
was separated from the remaining lung and processed
for RNA isolation. For airway analysis, airways were
microdissected from the surrounding parenchyma of
the left lobe. This approach allows airways as small
as terminal bronchioles to be isolated from the mouse
lung (Van Winkle et al. 1996; Baker et al. 2004). All
the intrapulmonary bronchi and bronchioles (airways
within the lung lobe) were dissected in this manner
and pooled for further analysis. RNA isolation from
both whole lung and airways was carried out using
the RNeasy Plus Mini kit (Qiagen; Valencia, CA) using
gDNA eliminator columns.

Lungs for LCM were prepared by cannulating the
trachea and then removing the lung en bloc from the
chest cavity. The lungs were inflated to capacity through
the cannula with a 50/50 v/v solution of Tissue-Tek
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Table 1 Description of TagMan Gene Expression Assays
(Applied Biosystems)

Assay ID Gene alias Gene symbol Gene name

Mm00442046_m1 CCSP Scgb1al Secretoglobin, family 1A,
member 1

MmO00801464_m1 CGRP Calca Calcitonin/calcitonin-
related polypeptide,
alpha

Mm01284345_g1 UGRP2 Scgb3a1 Secretoglobin, family 3A,
member 1

Mm00499170_m1 SP-A Sftpa1 Surfactant-associated
protein A1

Mm00488144_m1 SP-C Sftpc Surfactant-associated
protein C

CCSP, Clara cell secretory protein; CGRP, calcitonin gene-related peptide;
UGRP2, uteroglobin-related protein 2; SP-A, surfactant protein A; SP-C, surfac-
tant protein C.

O.C.T. compound (Sakura Finetek Europe B.V.; Alphen
aan den Rijn, The Netherlands) in RNAse-free PBS. The
lobes were cut and placed into cryomolds with excess
O.C.T. and cork backing and frozen in 2-methylbutane
over liquid nitrogen. Samples were stored at —80C. The
cryostat was cleaned with 100% ethanol, and tools and
surfaces in contact with the tissue were cleaned with
RNase Away (Molecular BioProducts; San Diego, CA)
to prepare for cryosectioning. Ten um sections were
collected by cryostat sectioning at —20C onto Leica
PEN-Membrane slides (Leica Microsystems; Wetzlar,
Germany). Two sections were collected on the same
slide. Forty ul of prechilled RNAlater-ICE (Ambion/
Applied Biosystems) was pipetted directly onto the
slide, and the slide was stored flat in a prechilled slide
box at —20C overnight. The next day, slides were
rinsed in a Copeland jar of RNAse-free water for 4 min
and then desiccated for 10 min/until dry at room
temperature. Cells were captured using the Leica
LMD6000 Laser Capture Microdissection Unit (Leica
Microsystems) by cutting the region of interest into the
cap of a 500 wl RNase-free microfuge tube with 25 pl
of Buffer RLT Plus (Qiagen). Slides were processed one
at a time, taking care that each slide was at room tem-
perature for less than 30 min to protect RNA integrity.

Table 2 Description of antibodies used for IHC

Sutherland, Combs, Edwards, Van Winkle

For this study, terminal bronchioles (TB), airway
bifurcations (BF), and mid-level bronchioles, defined as
airway levels between main bronchi and distal bron-
chioles (Lawson et al. 2002), were captured (Figure 1).
For each airway level per animal (#=5-6), sampling
was very robust (3—4 tissue faces per section, 2 sections
per slide, 10 slides) and areas ranging from 200,000 to
two million pm? were collected. All TB, BE, and mid-level
bronchioles were collected for each section on each slide
until two million wm? were collected and sampling
ceased. For each animal and each airway level, the entire
sample was collected in a single cap when all LCM sam-
pling occurred in a single session. If a break occurred
during capture, remaining sample was collected into a
new cap and the contents were later pooled for further
analysis. When sample collection was complete, the tube
was centrifuged at 13,000 rpm for 2 min. RLT buffer
was added to bring the total volume to 75 wl. The sam-
ple was frozen at —80C and stored or immediately pro-
cessed for RNA isolation using the RNeasy Plus Micro
Kit (Qiagen) using gDNA eliminator columns.

Samples for IHC were prepared by cannulating the
trachea, removing the lungs from the chest cavity, and
perfusing through the tracheal cannula for 1 hr at 30 cm
constant pressure with 1% paraformaldehyde. The
lungs were stored at 4C in 1% paraformaldehyde for
24 hr. The left lobe was sliced into cross sections and
embedded in paraffin. Blocks were sectioned (4 pm)
onto glass poly-L-lysine-subbed slides.

Methods Validation

To validate our method for RNA preservation before
the laser microdissection step, frozen sections were pre-
pared on 10 plain glass slides. Sections were coated
with RNAlater-ICE overnight as described earlier, and
a razor blade was used to scrape the tissue off the slide.
RNA was isolated from the sample. To optimize sample
handling methods post-laser capture, mouse lung airway
epithelium was captured by LCM from five Leica PEN-
membrane slides at two block faces per slide sectioned
at 20 wm thickness. Total RNA vyield was measured
by NanoDrop 1000 (Thermo Scientific Nanodrop

Antibody Gene alias Dilution used Catalog number Manufacturer

Clara cell secretory protein rabbit anti-human CCSpP 1:4000 RD181022220 BioVendor (Chandler, NC)
polyclonal antibody

«-CGRP rabbit anti-canine, anti-mouse, and CGRP 1:5000 with S-4001 Bachem Americas (Torrance, CA)
anti-rat polyclonal antibody antigen retrieval

UGRP2 (M-14) goat anti-mouse polyclonal antibody UGRP2 1:300 sc-49566 Santa Cruz, Biotechnology

(Santa Cruz, CA)

Anti-surfactant protein A rabbit anti-human SP-A 1:2000 with AB3420 Millipore (Billerica, MA)
polyclonal antibody antigen retrieval

Prosurfactant protein C rabbit anti-human SP-C 1:2000 AB28744 Abcam (Cambridge, MA)

polyclonal antibody
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Regional Gene Expression of Secreted Proteins

Products; Wilmington, DE), and data on comparative
quality was determined using a 2100 Bioanalyzer
(Agilent Technologies; Santa Clara, CA).

Quantitative Real-time RT-PCR

RNA was reverse transcribed into single-stranded cDNA
using the High Capacity RNA-to-cDNA kit (Applied
Biosystems) according to the manufacturer’s suggested
protocol. RT-PCR was carried out in the StepOnePlus
Real-Time PCR System (Applied Biosystems). Each reac-
tion contained 2 pl cDNA, 1 pl TagMan Gene Expres-
sion Assay (list of genes assayed and assay ID numbers
can be found in Table 1), 10 pl TagMan Fast Universal
PCR Master Mix, No AmpErase uracil-n-glycosylase,
and 7 pl of RNase-free water, as recommended by the
System software. Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as a housekeeping gene. All
samples were run in triplicate.

Immunohistochemistry

Paraffin sections were immunostained with rabbit anti-
CCSP, anti-CGRP, anti-SP-A, and anti-SP-C and goat
anti-UGRP2 (see Table 2). The optimal antibody con-
centration that gave positive tissue staining with mini-
mal background staining was determined separately for
each antibody using a series of dilutions. The avidin—
biotin peroxidase method in the form of a Vector ABC
kit (Vector Laboratories; Burlingame, CA) was used
following the manufacturer’s instructions. Antigen re-
trieval using a decloaking chamber (Biocare Medical;
Concord, CA) was carried out for SP-A only. Slides were
incubated in 1X AR10 solution (BioGenex Labora-
tories; San Ramon, CA) in the decloaking chamber for
2 min at 123C, 10 sec at 85C, and then cooled to room
temperature. Antigen retrieval using 0.01 M citrate
buffer (pH 6.0) was carried out for CGRP (boiled for
15 min and then cooled for 10 min). DAB enhanced
with nickel chloride was used as the chromagen with
the exception of CGRP where aminoethyl carbazole
was used. All tissues to be compared were processed
and stained in the same immunochemical run. Tissues
were not counterstained except when stained for CGRP
where hematoxylin was used. A negative control slide
with either preimmune serum or PBS was substituted
for the primary antibody for each primary antibody.
Images were captured on an Olympus BH-2 microscope
(Olympus American; Center Valley, PA). Images were
cropped and arrows were inserted using Adobe Photo-
shop (Adobe Systems; San Jose, CA). No other image
manipulation was performed.

Statistical Analysis

Fold change of gene expression in microdissected air-
ways from five-six animals per time point was calcu-
lated using the comparative Cr(27**¢T) method as
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Figure 2 Agilent Bioanalyzer scans of representative ethanol-fixed
LCM sample (A), RNAlater-ICE-treated LCM sample (B), RNAlater-
inflated, microdissected airways (C), and RNAlater-inflated whole
lung homogenate (D). Peaks for 18S and 28S are indicated. (E)
Gel-like image from the bioanalyzer scans. Lane 1 is ethanol-fixed
LCM sample (A), Lane 2 is RNAlater-ICE-treated LCM sample (B),
Lane 3 is RNAlater-inflated, microdissected airways (C), and Lane 4
is RNAlater-inflated whole lung homogenate (D).



>
=
L2
e
D)
<
O
O
-—
>~
)
o
>
=
B2
e
D)
e
O
O
-—
L2
I
G
O
—
c
|-
S
i<}
D)
<
l_

1112

described previously by Applied Biosystems and Livak
and Schmittgen (2001). Briefly, for each sample, Ct
(cycle threshold) value for the reference gene was sub-
tracted from the Ct value for the gene of interest to
yield a ACt value. Next, the ACt value from the cali-
brator group (whole lung) for each gene was sub-
tracted from each individual ACt for the same gene.
This was the AACr value. The 2722¢T value was then
determined for each sample and was reported as fold
changes relative to whole lung. Groups are reported
as mean fold change = 1 SD. Statistical calculations
were carried out using StatView (SAS; Cary, NC).
Results for each gene were analyzed by ANOVA with
Scheffe’s test. p Values less than 0.05 were consid-
ered significant.

Results

Methods Development

Samples taken before LCM were assessed by scraping
the slides to establish a baseline yield of RNA at this
phase of sample processing. The resulting yield was
4.5 pg total RNA with a 260/280 ratio of 2.1 using
RNAlater-ICE. Incorporation of RNAlater-ICE pro-
duced both high quality and high yields. Furthermore,
slides treated with RNAlater-ICE rather than ethanol
took less time both to prepare and to laser. Slides fixed
with ethanol took an average of 11 min to fix, rinse,
and dessicate and 13 min per slide to laser vs 8 min
to prepare and 5 min per slide to laser when fixed with
RNAlater-ICE. Increased laser times were due to the
need to recut an average of 73% of the selected regions
on the ethanol-fixed slides, whereas only 22% of the
regions on the RNAlater-ICE slides required recutting.
This was at similar power, aperture, and speed setting
(average of 47, 12, and 10, respectively). Increasing
power to achieve a lower recutting average was at-
tempted for the ethanol-fixed slides, but the width
of the laser at higher power settings destroyed large
amounts of tissue surrounding the area of interest.
An alternative method attempted was to incorporate
RNAlater into the inflation step for RNA stabilization,

Table 3 Gene expression summary

Sutherland, Combs, Edwards, Van Winkle

but this was unsuccessful as blocks prepared in this
manner were not fully frozen at —20C likely due to
the high salt content of this solution.

Optimization of the sample handling methods was
confirmed by Bioanalyzer comparing RNA quality
from (1) the new method incorporating RNAlater-
ICE on tissue sections, (2) ethanol fixation of LCM
sections, (3) gross airway microdissection, and (4)
whole lung homogenate of tissue inflated and stored
in RNAlater. No significant degradation of the LCM
samples with either method was found, and RNA in-
tegrity numbers were 7.9 or above for all methods
tested (Figure 2). This demonstrates that the method
for RNA stabilization in frozen tissue is highly effec-
tive and that RNA can be isolated from laser-captured
tissue with high quality and without significant degra-
dation as described in Materials and Methods.

TagMan gene expression analysis of each sample was
also carried out, and amplification plots and Cr (cycle
where threshold was reached) values for GAPDH and
peroxiredoxin 6 were detected at >99% assay effi-
ciency. Ct values for GAPDH were also evaluated to
validate its use as a housekeeping gene in the experi-
ments. cDNA from airway-only samples and from
whole lung samples were compared by using RT-PCR.
When the same input amount of cDNA was used per
reaction (100 ng/pL), Ct values were 22.895 = 0.135
for airways and 22.218 * 0.189 (means * SD) for
whole lung samples, with no significant difference in
Ct values, indicating no significant differences in
GAPDH expression between the airway and paren-
chyma compartments. Thus, GAPDH was considered
acceptable as a housekeeping gene for the study.

CCSP Gene and Protein

CCSP mRNA expression was significantly more abun-
dant in LCM and airway microdissection at all airway
levels (whole airway, p=0.0019; terminal bronchioles,
$<0.0001; mid-level bronchioles, p<<0.0001; airway
bifurcations, p<<0.0001) relative to whole lung (Table 3).
All airway levels obtained from LCM (terminal bron-
chioles, mid-level bronchioles, and airway bifurcations)

Target  Terminal bronchioles (TB)  Airway bifurcations (BF)

Mid-level bronchioles (AW)

Intrapulmonary airways (WA) Whole lung (WL)

CCspP 6.06 + 0.96%"* 6.29 = 0.875" 7.67 = 1.2751 2.75 + 0.59% 1.02 = 0.20
CGRP 7.30 * 5.62° 10.41 + 3.82 2.57 = 0.82% 2.61 + 0.98% 1.05 + 0.35%
UGRP2 0.77 + 0.34" 0.934 + 0.40" 1.07 = 1.03" 4.85 + 1.04 1.02 = 0.20"
SP-A 1.55 + 0.44 0.69 = 0.29* 0.88 * 0.35* 0.58 *+ 0.20* 1.02 + 0.20
SP-C 0.04 = 0.01% 0.02 = 0.01% 0.01 = 0.00° 0.13 + 0.05% 1.01 = 0.18

Ssignificantly different from WL.

TSignificantly different from WA.

*Significantly different from AW.

Xsignificantly different from BF.

*significantly different from TB.

Gene expression results reported as mean fold change = 1 SD relative to whole lung.
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were significantly increased from the whole airway
tree (p<<0.0001), and within LCM samples, mid-level
bronchioles were significantly increased from termi-
nal bronchioles (p=0.0048). Airway microdissection
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Figure 3 Relative gene and protein expression of Clara cell secre-
tory protein (CCSP). (A) Gene expression fold change relative to
whole lung values for CCSP. Data are expressed as mean = SD for
terminal bronchioles (TB), airway bifurcations (BF), mid-level bron-
chioles (AW), intrapulmonary airway tree (WA), and whole lung
(WL). *, Significantly different from AW; §, significantly different
from WL; t, significantly different from WA. (B-D) Immunohis-
tochemical localization of CCSP protein in control mouse lungs.
(B) Negative control (PBS substituted for primary antibody). (C,D)
Terminal bronchiole and mid-level bronchiole immunostained
with rabbit anti-canine, anti-mouse, and anti-rat CCSP antibody.
Arrows point to representative positively stained epithelial cells.
Bar = 50 pm.

increased the detection of CCSP by almost 3-fold, and
LCM increased the detection of CCSP mRNA by over
6-fold at all airway levels (Figure 3A). CCSP protein
was consistently expressed in the Clara cells of the
conducting airways in all airway generations, from
proximal intrapulmonary bronchi to the most distal
terminal bronchioles, and was not detected in the alveoli
(Figures 3B-3D).

CGRP Gene and Protein Expression

Expression of CGRP mRNA was enriched in airway
bifurcations 10-fold over the whole lung and 8-fold
over the whole airway tree and mid-level bronchioles
(p<<0.0001, p=0.0003, and p=0.0008, respectively).
Additionally, LCM sampling of terminal bronchioles
showed a significant 7-fold increase over whole lung
(p=0.0024; Table 3, Figure 4A). CGRP protein ex-
pression was detected sparsely in terminal bronchioles
and mid-level airways (Figures 4C and 4E) and in dis-
crete clusters of airway epithelial cells at airway bifurca-
tions (more proximal airway generations had greater
frequency of having CGRP-positive cells) (Figure 4D).

UGRP2 Gene and Protein Expression

mRNA expression of UGRP2 was significantly in-
creased by almost 5-fold in the whole airway tree
compared with whole lung, terminal bronchioles, and
airway bifurcations and by 3-fold over mid-level bron-
chioles (p<<0.0001) (Table 3, Figure SA). UGRP2 pro-
tein expression was enriched throughout the proximal
airway epithelium being the most abundant in the tra-
chea, present in lesser quantities in the larger intra-
pulmonary proximal airways, and highly localized to
the apical surface of individual airway epithelial cells.
Staining in the smaller distal airways and terminal
bronchioles was sparse to undetected (Figures SC-5E).

SP-A Gene and Protein Expression

mRNA expression of SP-A was significantly elevated
in terminal bronchioles compared with the whole air-
way tree, mid-level airways, and airway bifurcations
(p<<0.0001, p=0.0023, and p=0.0003, respectively)
(Table 3). Furthermore, SP-A levels were greater in
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the whole lung compared with the whole airway tree,
although it was not statistically significant (Figure 6A).
SP-A protein expression was detected with a similar
distribution and abundance as mRNA throughout the
airway tree (Figures 6C-6D).

Sutherland, Combs, Edwards, Van Winkle

Figure 4 Relative gene and protein expression of calcitonin gene-
related peptide (CGRP). (A) Gene expression fold change relative to
whole lung values for CGRP. Data are expressed as mean = SD for
terminal bronchioles (TB), airway bifurcations (BF), mid-level bron-
chioles (AW), intrapulmonary airway tree (WA), and whole lung
(WL). X, Significantly different from BF; §, significantly different
from WL. (B-E) Immunohistochemical localization of CGRP protein
(red staining) in control mouse lungs counterstained with hema-
toxylin (blue staining). (B) Negative control (PBS substituted for
primary antibody). (C) Terminal bronchiole with higher magnifica-
tion inset. (D) Airway bifurcation. (E) Mid-level bronchiole. Bar =
50 wm. Bar in B also represents C. Bar in E also represents Cinset and D.

SP-C Gene and Protein Expression

Detection of SP-C mRNA was significantly and highly
enriched in the whole lung compared with all other
lung compartment approaches (p<<0.0001) (Table 3,
Figure 7A). Immunohistochemical detection of the
pro-SP-C protein was localized to the parenchyma
Type II cells (Figure 7C).

Discussion

This study demonstrates that mRNA expression differs
by lung region (including airway level) and the method
and site of sample collection for CCSP, UGRP2, CGRP,
SP-A, and SP-C can alter the detection of mRNA. These
results are indicative of the relative utility of different
microdissection approaches for studying site-specific
gene expression in the lung. Our hope is that a thorough
description of these approaches and demonstration
of their utility will enhance research into site-specific
changes in the lung. These methods are especially criti-
cal for the study of air pollutants, such as particulate
matter or oxidant gasses, which have site-specific de-
position and toxicity patterns in the tracheobronchial
airways. These approaches can be utilized to study air-
way epithelial injury and repair responses in the lung
as well as mechanisms of lung development because
these events are highly airway level and lung micro-
environment specific.

It has been demonstrated that mouse lungs can be
inflated with RNAlater and microdissected grossly to
isolate different airway levels for gene expression analy-
sis (Baker et al. 2004). Storage of tissue samples in
RNAlater has been shown to be the most effective
method of preserving RNA integrity, even superior to
flash freezing in liquid nitrogen (Keating et al. 2008).
Because of the ease of use and the advantages for in-
tegrity of lung RNA, instillation of or immersion in
RNAlater is now routinely used to preserve respiratory
tract samples (Wagner et al. 2009). However, because
LCM necessitates sectioning of tissue onto a slide, fro-
zen cryosections or paraffin sections are typically used
depending on the downstream applications. For gene
expression analysis of samples obtained by LCM, it is
widely accepted that frozen tissue yields better quality
RNA than formalin-fixed, paraffin-embedded tissue,
although morphology is less preserved (Mora et al.
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Figure 5 Relative gene and protein expression of uteroglobin-
related protein 2 (UGRP2). (A) Gene expression fold change relative
to whole lung values for UGRP2. Data are expressed as mean + SD
for terminal bronchioles (TB), airway bifurcations (BF), mid-level
bronchioles (AW), intrapulmonary airway tree (WA), and whole lung
(WL). 1, Significantly different from WA. (B-D) Immunohistochemical
localization of UGRP2 protein in control mouse lungs. (B) Negative
control (PBS substituted for primary antibody). (C-E) Trachea (C), intra-
pulmonary proximal bronchi (D), and terminal bronchiole (E) immuno-
stained with goat anti-mouse UGRP2 antibody. Arrows indicate
examples of epithelial cells stained positive for UGRP2. Bar = 50 pm.
Bar in E also represents C and D.

2002). In a previous study, fixation in 70% ethanol
improved morphology and provided good RNA ex-
traction over other fixation and embedding methods
(Goldsworthy et al. 1999). However, the results from
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this study revealed that ethanol fixation resulted in tis-
sue that was more difficult to cut with laser on the Leica
LMD6000 platform and there were also concerns with
room temperature stability of these samples during the
laser capturing process.

This study describes an improvement over current
approaches for laser capture of frozen tissue section
that enhances RNA stabilization in frozen tissue sec-
tions: use of RNAlater-ICE for RNA preservation after
cryosectioning. This method provided consistently
good RNA vyield and RNA integrity. Further, this ap-
proach saved time during sample preparation and dur-
ing laser capture compared with conventional methods
using ethanol fixation. This approach allows sufficient
yield for analysis of numerous genes from a single sam-
ple without the amplification step that is common in
other studies (Betsuyaku and Senior 2004; Adair-Kirk
et al. 2008; Klee et al. 2009).

CCSP gene expression was enriched in all airway
samples compared with the whole lung. This is not
unexpected due to the localization of CCSP to the
Clara cells of the conducting airways. However, the
enhanced fold change detected in the LCM samples
(6-fold over whole lung and 3-fold over whole airway
tree) and the ability to detect significant differences
within the LCM samples by sublocation with the air-
way tree (terminal bronchioles from mid-level bron-
chioles, p=0.0048) demonstrates the benefit of using
LCM to detect changes in mRNA expression in re-
search involving diseases of the distal lung. In human
studies, CCSP levels in serum and lavage fluid serve
as biomarkers of lung disease and lung injury (Shijubo
et al. 1997; Broeckaert et al. 2000). In a transgenic
mouse model used to study lung tumors arising from
Clara cells, CCSP expression was found to be dimin-
ished in tumor cells (Hicks et al. 2003). In mouse
models of lung toxicity to naphthalene, a polycyclic
aromatic hydrogen compound metabolically activated
by cytochrome P450s in the Clara cells of the conduct-
ing airways, toxicity to the Clara cells was distributed
in a site-specific manner depending on route of expo-
sure and dose resulting in focal losses of the CCSP-
expressing cell population (Warren et al. 1982; Plopper
et al. 1992; Van Winkle et al. 1995). CCSP is involved
in the response of the lung to oxidant stress; CCSP-
knockout mice have increased cellular injury compared
with wild-type mice when exposed to hyperoxia or
ozone (Johnston et al. 1997). With toxicants and dis-
ease states that affect specific regions, populations, or
cell types, use of new methodology such as LCM for
site-specific sampling has given additional insight into
cellular changes that occur in the lung, but has been
limited by low yields, the labor-intensive nature of
these studies, and the need to amplify the mRNA ob-
tained. This study advances the field by applying new
approaches that enhance yield.
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The increased mRNA expression of CGRP in air-
way bifurcations (10-fold over whole lung) is sup-
ported by previous studies that describe a population
of CGRP-labeled cells at airway branch points (Peake
et al. 2000; Reynolds et al. 2000). However, the 7-fold

Sutherland, Combs, Edwards, Van Winkle

Figure 6 Relative gene and protein expression of surfactant pro-
tein A (SP-A). (A) Gene expression fold change relative to whole
lung values for SP-A. Data are expressed as mean = SD for terminal
bronchioles (TB), airway bifurcations (BF), mid-level bronchioles
(AW), intrapulmonary airway tree (WA), and whole lung (WL).
¥, Significantly different from TB. (B-D) Immunohistochemical local-
ization of SP-A protein in control mouse lungs. (B) Negative control
(PBS substituted for primary antibody). (C,D) Terminal bronchiole
and mid-level bronchiole immunostained with rabbit anti-human
SP-A antibody. Arrows indicate representative epithelial cells
stained positive for SP-A. Arrowhead points to positively stained
Type Il cells. Bar = 50 pm.

increase observed in the terminal bronchioles has not
been previously reported. This is especially interesting
because terminal bronchioles were not examined in
previous studies that investigated the role of CGRP-
expressing cells in cellular proliferation and epithelial
repair in response to naphthalene exposure, a cyto-
toxicant that disproportionately targets terminal
bronchioles (Stevens et al. 1997; Peake et al. 2000). It
is not known if a similar result would also be obtained
for other site-specific toxicants, such as 4-ipomeanol
and coumarin, both of which target Clara cells in termi-
nal bronchioles via cytochrome P450 activation to reac-
tive chemical intermediates that cause cellular toxicity
(Boyd 1977; Born et al. 1998). In this study, the in-
creased variability in the terminal bronchioles com-
pared with airway bifurcations suggest that although
bifurcations consistently express CGRP, mRNA expres-
sion of CGRP in terminal bronchioles is not consistent
and this may have implications for epithelial repair
and regeneration in response to Cytotoxic exposure tar-
geting the terminal bronchioles. This is supported by
THC data showing sparse CGRP staining in the terminal
bronchioles. It is possible that the airway epithelium in
the terminal bronchiole generates CGRP that is secreted
and migrates to other sites in the airway. Because of the
pattern and specificity of CGRP expression in the lung
and the proposed functions of CGRP in airway regen-
eration, site-specific approaches such as LCM to deter-
mine alterations in CGRP gene expression in response
to exposure or disease state increase the ability to define
and detect these changes.

Detection of significantly elevated mRNA expres-
sion of UGRP2 in the whole airway tree (5-fold) but
not in the terminal bronchiole and airway bifurcations
supports the previously published reports of UGRP2
expression being localized to proximal airways (Porter
et al. 2002; Reynolds et al. 2002). LCM of mid-level
bronchioles introduced an increase in variability of
UGRP2 mRNA detection compared with all other
samples. This is likely due to the broad definition of
mid-level bronchiole in our sampling, resulting in a
larger and more variable sampling region. Perhaps, a
more stringent definition of airway levels to include
a range of airway generations or sampling of airways
in the presence of smooth muscle would decrease the
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Figure 7 Relative gene and protein expression of surfactant pro-
tein C (SP-C). (A) Gene expression fold relative to whole lung values
for SP-C. Data are expressed as mean =+ SD for terminal bronchioles
(TB), airway bifurcations (BF), mid-level bronchioles (AW), intra-
pulmonary airway tree (WA), and whole lung (WL). §, Significantly
different from WL. (B,C) Immunohistochemical localization of
pro-SP-C protein in control mouse lungs. (B) Negative control (PBS
substituted for primary antibody). (C) Alveolar compartment
immunostained with pro-SP-C antibody. Arrowheads point to posi-
tively stained Type Il cells. Bar = 50 pm.
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variability observed. However, because the methods
used to map airway generations require microdissec-
tion of tissue before embedment, we were unable to
adapt those methods for LCM. Immunohistochemical
data showing sites in the trachea, lobar bronchus, and
intrapulmonary proximal large conducting airways
with positive staining for UGRP2 and decreased stain-
ing in a proximal to distal manner support the gene
expression data. This suggests that airway microdis-
section of the trachea and proximal intrapulmonary
conducting airways would likely result in maximal en-
richment of UGRP2 message.

SP-A is the major protein in surfactant and is in-
volved in host defense in the lung (Kingma and Whitsett
2006; Serrano and Perez-Gil 2006; Linke et al. 2009).
It is also expressed in some non—small cell lung carci-
nomas, reduced or absent in other pulmonary diseases,
such as fibrosis and respiratory distress syndrome, and
its localization and detection in tissue may aid in the
diagnosis and prognosis of these conditions (Goldmann
et al. 2009). This study shows enrichment of SP-A
mRNA expression in laser-captured terminal bron-
chioles when compared with other airway levels exam-
ined. Although enrichment is only 2-fold greater than
the whole airway tree and not significantly different
from the whole lung, this could potentially be impor-
tant as terminal bronchioles can be targets of inhaled
toxicants and infectious agents. SP-A-knock out and
SP-A-deficient mice are found to be more susceptible
to certain pathogens than their wild-type counterparts
(LeVine et al. 2002; Ledford et al. 2009; Linke et al.
2009) and thus site-specific approaches to changes in
gene expression of SP-A may give insight into patho-
genesis of lung disease.

SP-C mRNA expression was found to be 25- to 100-
fold less in microdissected and LCM-sampled airways
than in the whole lung, which is consistent with the
literature stating SP-C is transcribed exclusively by
Type II cells in the lung (Mulugeta and Beers 2006).
The ability to detect very small amounts in the LCM
samples may come from small amounts of parenchyma
below the basement membrane or behind the cells
visualized and captured on the LCM. Variance between
all airway levels and methods was also very small.
Deficiencies and mutation in the SP-C gene, SFTPC,
have been found to contribute to interstitial lung dis-
ease, neonatal respiratory failure, and increased sus-
ceptibility to viral infection (Cameron et al. 2005;
Soraisham et al. 2006; Glasser et al. 2009). Because
of the specificity in mRNA expression of SP-C in the
Type II cells, a whole lung- or parenchyma-specific ap-
proach to tissue isolation would be an appropriate
sampling scheme. The same recommendation could
be made for chemicals such as 3-methylindole, which
targets Type I alveolar epithelial cells (Durham and
Castleman 1985).
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Variability within samples is always a concern, and
in some cases, LCM increased the variability of relative
mRNA detected. We do not believe that the increase in
variability observed diminishes the strength and utility
of LCM use. Earlier morphometric studies (Hyde et al.
1990) indicate that 70% of all variance in animal ex-
periments is due to animal/animal variance. Airway-
to-airway variability is most likely depending on the
location in the axial path and lobe. Thus, perhaps the
variability observed in this study was in part due to a
combination of these factors, but this is likely the case
with any site-specific methodology.

In summary, this study demonstrates the relative
utility of different approaches to defining lung mRNA
expression and newly quantifies the gene expression
pattern of several secreted proteins in the conducting
airways of the mouse lung. Both LCM and gross airway
microdissection have advantages compared with each
other and are superior for detection of airway-specific
proteins compared with a whole lung homogenate.
Gross airway microdissection of RNAlater-inflated tis-
sues is faster to achieve sufficient sample and enriches
the detection of mRNA in the airway epithelium of
the conducting airways, but is less precise than the laser
capture approach. The limitation of laser capture is the
time and effort it entails relative to the amount of the
sample that can be obtained for analysis without am-
plification. With the diversity of approaches available
with both advantages and limitations to each, knowing
the cell type of interest or regions affected in an experi-
mental exposure or diseased state will aid in choosing
the appropriate method to enrich detection of changes
in gene expression.
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