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Abstract

The lung tissue contains a heterogeneous milieu of bronchioles, epithelial, airway smooth muscle (ASM), alveolar, and immune
cell types. Healthy bronchiole comprises epithelial cells surrounded by ASM cells and helps in normal respiration. In contrast,
airway remodeling, or plasticity, increases surrounding of bronchial epithelium during inflammation, especially in asthmatic
condition. Given the profound functional difference between ASM, epithelial, and other cell types in the lung, it is imperative to
separate and isolate different cell types of lungs for genomics, proteomics, and molecular analysis, which will improve the
diagnostic and therapeutic approach to treat cell-specific lung disorders. Laser capture microdissection (LCM) is the technique
generally used for the isolation of specific cell populations under direct visual inspection, which plays a crucial role to evaluate
cell-specific effect in clinical and preclinical setup. However, maintenance of tissue RNA quality and integrity in LCM studies are
very challenging tasks. It is obvious to believe that the major factor affecting the RNA quality is tissue-fixation method. The
prime focus of this study was to address the RNA quality factors within the lung tissue using the different solvent system to fix
tissue sample to obtain high-quality RNA. Paraformaldehyde and Carnoy’s solutions were used for fixing the lung tissue and
compared RNA integrity in LCM captured lung tissue samples. To further confirm the quality of RNA, we measured cellular
marker genes in collected lung tissue samples from control and mixed allergen (MA)-induced asthmatic mouse model using qRT-
PCR technique. RNA integrity number showed a significantly better quality of RNA in lung tissue samples fixed with Carnoy’s
solution compared to paraformaldehyde solution. Isolated RNA from MA-induced asthmatic murine lung epithelium, smooth
muscle, and granulomatous foci using LCM showed a significant increase in remodeling gene expression compared to control
which confirm the quality and integrity of isolated RNA. Overall, the study concludes tissue fixation solvent can alter the quality
of RNA in the lung and the outcome of the results.
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Introduction

Histological section of tissue samples under the microscope
shows different characterized cells with various genetic pro-
files. These cells also communicate with each other to conduct
the physiological function in normal and diseased condition
(Arthur 2016; Corces et al. 2016; Lander 1996; MacArthur
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etal. 2014; Oellrich and Smedley 2014). However, the expres-
sion levels of genes and their function would significantly
vary between different cells (Antanaviciute et al. 2015;
Fatkin et al. 2014; Zaidi et al. 2013). Thus, identifying the
specific gene expression in a particular cell type or tissue from
a specific cell type under normal and diseased conditions
would significantly expand our knowledge in understanding
the role of gene expression in diagnostic and therapeutic ap-
proach (Dillon et al. 2001; Domazet et al. 2008; Emmert-Buck
etal. 1996). Laser capture microdissection (LCM) is a method
to obtain samples containing specific cell types or cells of
interest from sectioned tissue subjected to next-generation se-
quencing (NGS) or microarray to understand the entire RNA
content of a single cell for functional elucidations (Ardekani
et al. 2008; Brioschi et al. 2014; Venter et al. 2001). LCM is a
highly efficient and accepted technique to obtain specific
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cells, however, it is more vulnerable to RN Ase contamination
(Kerk et al. 2003). Most microdissection-based mRNA ex-
pression studies have been performed on frozen tissue sam-
ples which require more attention to avoid damage to the
tissue during transportation, handling, tissue sectioning, and
during post-LCM RNA isolation steps. More or less, all these
steps are responsible for poor quality of RNA, thereby, reduc-
ing the efficacy for proceeding further downstream applica-
tions (Amini et al. 2017; Takahashi et al. 2010).

Most of the pathophysiology laboratories in clinical setup
apply formalin or paraformaldehyde solution for tissue fixation.
Among other fixatives, Carnoy’s solution is commonly used in
cancer-related studies because of its easy handling and more
accurate staging (Luz et al. 2008). However, very limited or no
clinical studies have reported the use of Carnoy’s solution in the
fixation of lung tissue specimens to study downstream analysis.
In order to overcome these factors, we tried to optimize the best
system for tissue fixation using mouse lung samples.

The lung, a well-developed organ, is essential for terrestrial
life. The lung tissue is composed of heterogeneous cells; com-
prises tissues such as epithelial, mesenchymal, airway smooth
muscle (ASM), alveolar, and immune cells. Together, these cells
are responsible for the normal functioning of respiration (Hines
and Sun 2014). Chronic inflammation centrally affecting the lung
airway, which impairs the functions of multiple cells, including
ASM, which plays a key role in airway remodeling via altered
proliferation and deposition of extracellular matrix (ECM)
(Anderson 2010; Bousquet et al. 1996; O'Byrne and Inman
2003). Airway walls are composed of more than one cell type,
which alone or in combination contributes to airway
hyperresponsiveness (AHR), inflammation, and remodeling, a
characteristic features of asthma. It gives immense therapeutic
importance to identify particular cells involved in the pathophys-
iology of asthma. Here, LCM technique acts as a potent tool to
isolate individual cell types to understand its role in lung patho-
physiology by subsequent molecular analysis.

In this study, we described the various technical approaches
and updated LCM methods that we have used to isolate different
lung cell types and their mRNA expression involved in airway
remodeling in the lung. Furthermore, we optimized the lung
fixation method using Carnoy’s solution to maintain RNA qual-
ity and integrity in cells collected through LCM. Measured air-
way cellular gene expression levels by qRT-PCR further confirm
the quality and integrity of isolated RNA.

Materials and methods
Animals
Murine lung tissue samples were collected from our ongoing

pulmonary in vivo study, which is approved by the
Institutional Animal Care and Use Committee at North
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Dakota State University and conducted in accordance with
guidelines derived from the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. We ran-
domly selected six C57BL/6J mice each from control and
mixed allergen (MA, allergic asthma model)-treated groups.
Animals were anesthetized using isoflurane (volatile anesthe-
sia) for 10 s to calm and lower the movement of mice during
intranasal PBS or MA administration. Control mice received
PBS and MA-treated mice received alternate day intranasal
(i.n.) administration of a mixture of equal amounts (10 pg)
of ovalbumin and extracts from Alternaria alternata,
Aspergillus fumigatus, and Dermatophagoides farinae (house
dust mite) for 4 weeks (alternative day exposure) in PBS to
induce asthma (Yarova et al. 2015). At the end of the study,
animals were euthanized by using an excess dose of sodium
pentobarbital (200 mg/kg). Both male and female mice were
used in this study. Mice were always housed under constant
temperature and 12 h light and dark cycles provided with food
and water ad libitum.

Histopathology using hematoxylin and eosin staining

The left lung was ligated and the right lung was inflated with
0.8 ml of either paraformaldehyde or Carnoy’s solution and
fixed overnight. Paraffin-embedded tissues were cut into
6-um sections using a tissue microtome (Leica, UK). The
sections were stained with hematoxylin and eosin stain
(H&E) for histological observations to identify epithelium,
airway smooth muscle, and granulomatous foci. The stained
tissues were then mounted onto a light microscope and exam-
ined at x 40 magnification.

Laser capture microdissection

The lung tissue was collected from mouse and fixed using two
different methods: (a) 4% paraformaldehyde and (b) Carnoy’s
fixative solution (Pereira et al. 2015). Tissue blocks were em-
bedded in paraffin wax and sectioned using a rotary micro-
tome to obtain 10 um tissue sections placed on RNAse free
slides. The paraffin slides were washed in xylene for 9 min
and ethanol for 30 s and then the excess xylene was blotted
from the slide. Laser capture microdissection (LCM) was per-
formed using a Zeiss Axiolmager Z1 PALM Microbeam laser
capture microscope system (Zeiss, Thornwood, NY). The mi-
crodissection process was visualized with an AxioCam Icc
camera coupled to a computer and controlled by a Palm-
Robo software (Zeiss, Thornwood, NY). The slides were then
visualized under bright-field microscopy with a % 10 objec-
tive. An area of 0.3 or 1.0 mm? was selected using the PALM-
Robo software. Identified granulomatous foci and different
airway cells were marked using an on-screen tool of PALM
MicroBeam. Laser cut was performed along the marking
followed by catapulting the tissue. To confirm specific cell
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type, hematoxylin and eosin stained (H&E) section of same
tissue was used as a reference. Catapulted cells were collected
into on RNAse free microtube containing 0.5 ml single cell
PicoPure® RNA extraction buffer. Tissues were either stored
temporarily at — 80 °C or directly used for RNA isolation. The
capture success of microdissected tissue was confirmed by
looking at the microtube cap under the microscope.

RNA extraction and DNase treatment

Total RNA extraction was performed by using the PicoPure®
RNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA,
USA). At first step, 100 pl of extraction buffer were added in
each microtube containing tissue. For granulomatous foci,
50 ul of extraction buffer was added to avoid excessive dilu-
tion of RNA due to the small amount of microdissected tissue.
Genomic DNA was removed by on-column DNAse digestion,
treating bound RNA in the column for 20 min with 5 pl of
DNase I diluted in 35 pul of DNAse digestion buffer (RNAse-
Free DNAse Set, Zymoresearch, CA). Around 13 ul of elution
buffer was pipetted directly onto the membrane of the column
to elute the RNA into an RNAse free tube. Collected RNA
was then stored immediately at — 80 °C.

Measurement of RNA yield and integrity

The yield and integrity of total isolated RNA from microdis-
sected samples measured using a 2100 Bioanalyzer (Agilent
Technologies). RNA concentration of (1 ul per sample) was
measured with the 2100 Bioanalyzer, then obtained concen-
tration was divided by the tissue area value to calculate the
RNA yield. Additionally, the RNA Integrity Number (RIN)
was calculated by the 2100 Bioanalyzer according to an algo-
rithm from Agilent Technologies (Kerman et al. 2006;
Schroeder et al. 2006). RIN values obtained for each sample
on a scale of 1-10 as an indication of RNA quality.

gRT-PCR analysis

Isolated and quantified RNA was used to synthesize cDNA
using OneScript cDNA Synthesis Kit (Applied Biological
Materials Inc., Richmond, BC, Canada) for each sample.
Bright Green Master mix qPCR kit (Applied Biological
Materials Inc., Richmond, BC, Canada; Cat# MasterMix-S)
protocol was followed using QuantStudio 3 qRT-PCR system
as per the manufacturer’s instructions. The qRT-PCR products
were loaded into a 2% agarose gel with gel green nucleic acid
stain (Biotium), separated by electrophoresis and visualized
licor D-Digit gel scanner. Following primer sequences were
used to qRT-PCR analysis; For TNF-«, forward 5-CTCC
TCCTCCTGACCTTCTAATAAT-3', reverse 5'-CTCC
TCTGCCAAGTTCATATC C-3'; for a-smooth muscle actin
(x-SMA) forward 5'-GAGGCACCACTGAACCCTAA-3',

reverse 5'-CATCTCCAGAGTCC AGCACA-3’; for E-
cadherin forward 5-CACCTGGAGAGAGGCCATGT-3’, re-
verse 5'-TGGGAAACATG AGCAGCTCT-3; for fibronectin
forward 5'-CGAGGTGACAGAGACCACAA-3', reverse 5'-
CTGGAGTCAAGCCAGACACA-3'; for Vimentin forward
5'-CTTGAACGGAAA GTGGAATCCT-3', reverse 5'-
GTCAGGCTTGGAAACGTCC-3'; for s16 forward 5'-
GATGAAGTCGGAGCTGGTAAA-3', reverse 5-GGAG
TGACAGGCAACTATGAA-3'. The fold changes in mRNA
expression were calculated by normalization of cycle thresh-
old [C(t)] value of target genes to reference gene s16 using the
AACt method.

Statistical analysis

All groups consisted of minimum six mice. “n” values repre-
sent the number of samples from individual animals. All qRT-
PCR experiments were repeated at least two times. Statistical
analysis was performed using Sigma Plot (SYSTAT, San Jose,
CA) software statistical package using individual one-way
ANOVA with Bonferroni post hoc test. All data are expressed
as mean + SEM. Statistical significance was tested at mini-
mum of p < 0.05 level.

Results

Effect of fixation on tissue capture success and RNA
yield and integrity after LCM

Six control (PBS only) and six mixed allergen (MA)-induced
asthmatic mice were used for the current study. The lung tis-
sue samples were collected after 28 days of PBS and MA
challenge. Mouse tissue samples cut to the thickness of
10 pm and mounted onto glass slides (glass or PEN-
membrane coated) to isolate airway smooth muscle cells, ep-
ithelial, and granulomatous foci. The workflow for this study
is tissue preparation, LCM, and isolation of RNA followed by
RNA analysis by qRT-PCR (Fig. 1). We used PALM
MicroBeam system (Zeiss) Laser capture microdissection sys-
tem to isolate different airway cells from normal and
inflammation-induced lung tissue of mouse. The cells isolated
was ensured microscopical observation before and after exci-
sion. Specific cell types are identified through H&E-stained
reference slides that are prepared from the tissue blocks used
for making LCM slides (Fig. 2).

Effect of tissue fixation solvent on RNA quality
Mouse lung tissue specimens fixed into Carnoy’s or parafor-
maldehyde solution and LCM isolated different airway cell

types used to measure RNA yield with integrity to compare
the effectiveness of fixative solution. The obtained RNA yield
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Fig. 1 Workflow for the laser-
capture microdissection (LCM) of
lung tissue, isolation, and analysis
of RNA. Airway smooth muscle
(ASM) cells, epithelium, and
lymphatic granules from normal
and inflammation-induced lung
tissue collected by LCM and
further processed for RNA
isolation. (a) Selected region of
interest before LCM, (b) after
LCM, (c) collected cells in lysis
buffer. H&E stained tissue section
used as a reference to identify
different cell types

Fig. 2 Representative images of
lung tissue specimens collected
after mixed allergen exposure to
induce asthma. Hematoxylin and
eosin (H&E) staining used as a
reference to identify different
cells types; laser capture
microdissected murine lung tissue
of (a) ASM, (b) epithelium, and
(c) granulomatous foci (10 pm
section). Tissue before laser
dissection (d) ASM, (e)
epithelium, and (f) granulomatous
foci; tissue after laser dissection
(g) ASM, (h) epithelium, and (i)
granulomatous foci. Scale bar,
50 uM
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and integrity were compared for both fixative solvent in gran-
ulomatous foci, ASM, and epithelium (Fig. 3). The RNA yield
in Carnoy’s solution showed prominently more in comparison
to paraformaldehyde (Table 1), which indicates that the tissue
fixation with Carnoy’s provided better yield and more
integrity.

gRT-PCR for gene expression analysis in different cell
types of mouse lung tissue

Mouse lung tissue collected from control and MA-induced
asthmatic mouse model and fixed with Carnoy’s solution re-
sulted in better quality RNA isolated from three different cell
types including airway smooth muscle cells, epithelium, and
granulomatous foci. To evaluate the effectiveness of isolated
RNA, we evaluated changes in various cellular specific gene
expression in normal and pathological conditions in different
cell types using qRT-PCR using s16 as a housekeeping gene.
The primary focus of this current study was to optimize the
LCM method to obtain good quality RNA to further study the
downstream genetic changes in different airway cells during
inflammation and normal condition. qRT-PCR data from
RNA isolated from ASM cells revealed a significant increase
(P<0.001) in a-smooth muscle actin, fibronectin, and E-
cadherin in MA-challenged mice compared to PBS-treated

Fig. 3 RNA integrity of specific
cells isolated from LCM-derived
tissue measured using Agilent a
bioanalyzer. RNA integrity of (a)
ASM, (a’) epithelium, and (a”)
granulomatous foci from
paraformaldehyde-fixed lung
tissue. RNA integrity of (b) ASM,
(b’) epithelium, and (b”)
granulomatous foci from
Carnoy’s fixed lung tissue. The

Airway smooth
muscle
L

Paraformaldehyde fixed lung tissue
RIN: 1.0+ 0.04 b

mice (Fig. 4a). Furthermore, epithelial cells isolated from air-
way showed a significant increase in expression of E-
cadherin, an important epithelium marker and significant
low expression of a-SMA in MA-challenged mice compared
to PBS, indicating the homogenous cells with less contamina-
tion (Fig. 4b). In an inflammatory condition, the granuloma-
tous foci showed an increase in TNF-& gene expression.
Concurrent with this, we observed that the expression of
TNF-« was significantly (p <0.001) high in granulomatous
foci in MA-challenged mice than in PBS-treated mice
(Fig. 4c).

Discussion

LCM is a powerful technique that permits rapid dissection and
isolation of specific tissues, cell organelles, and their frag-
ments, which allow accurate examination of cellular genomic
profiles by using qRT-PCR, RNA sequencing, genomics, and
proteomics analysis. To process the prospective clinical tissue
specimens, the most commonly used method in LCM studies
is frozen tissue section. The major difficulty in carrying out
this method is the tedious steps that required lots of attention
which gives the high possibility of losing the yield and integ-
rity of RNA prior to fixation and stabilization. Also,
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Table 1 Measurement of microdissected tissue area, RNA concentration, and RNA integrity

Paraformaldehyde solution Carnoy’s solution
Tissue ASM Epi GF ASM Epi GF
Number of microdissected area (n) 10.21 +2.81 12.01 +3.1 46+1.14 1122427 13.18 +2.42 4.08 +1.24
Concentration (ng/ul) 042 +0.03 0.72 + 0.11 1.04 £ 0.12 1.44 + 0.13%** 1.98 +£ 0.24%*%*% 218 £ 0.46%**

ASM airway smooth muscle, Epi epithelium, GF' granulomatous foci. Data represented as mean + SEM of at least six mice samples per group

##%p < 0.001 paraformaldehyde vs Carnoy’s solution for respective group

processing postoperative surgical specimens is very difficult
with this method as it requires a multi-step process (Gautam
et al. 2016). Multiple retrospectively collected clinical
sample—based studies require easy access, long-term storage,
and keeping up sample integrity. Limited studies have sug-
gested the use of Carnoy’s solution for tissue fixation to over-
come these limitations and provide the RNA stability and
integrity (Cox et al. 2006).

Tissue fixation and processing method, together, play an
important role in the protection and maintenance of tissue
morphology at the cellular level that affects RNA quality.
Investigators used different fixation systems depending on
tissue type used to preserve the RNA integrity. Brown and
Smith (2009) suggested using high-salt buffer solution to fix
rat brain tissue samples, whereas Santoro et al. (Santoro et al.
2018) used RNALater solution (Applied Biosystem, Foster
City, CA, USA) to preserve skin biopsies for 1 week at 4 °C
to get stabilized RNA. In clinical studies most commonly used
tissue preservation method is formalin fixation, however, it
chemically alters the nucleotides inducing nucleic acid frag-
mentation and decrease RNA quality (Butler et al. 2016) for
this reason it is not suitable for LCM studies. Very limited or
no study attempted to optimize fixative solvent system for the
lung tissue specimens in LCM studies.

The objective of this study was to optimize an appro-
priate tissue fixation solvent for the lung tissue to support
clinical setup as well our ongoing pulmonary research
hypothesizing the role of sex hormones in lung physiolo-
gy. The lung is comprised of multiple cells, so it is very
crucial to identify the particular cell type responsible for
altered physiology especially in the airway. In this, we
utilized lung specimens from control and mixed allergen
(MA)-induced asthmatic C57BL6/J mouse model to opti-
mize the RNA integrity. We used Carnoy’s solution or
paraformaldehyde solution as fixative to determine the
RNA integrity and optimized Carnoy’s solution is the best
solvent for fixing tissue to perform LCM studies which
provided good quality RNA for subsequent gene expres-
sion analysis. Selection of proper solvent system for tissue
fixation is very important because RNA is a very labile
biomolecule, and easily degraded, especially during LCM
studies, where very low amounts of tissue material are
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collected. It is required to put special cautions to preserve
RNA yield and integrity, which are decisive for down-
stream genomic studies. Solution used for tissue fixation
in the study did not alter the tissue morphology and often
is used in tissues subjected to LCM studies (Parlato et al.
2002). In the initial study, we found very low RNA integ-
rity number (RIN) in LCM-isolated cells from paraformal-
dehyde solution—fixed mouse lung. PCR was performed
in LCM-isolated cells from paraformaldehyde-fixed lung
tissue and found highly variable CT value (ranges from
34 to 40) for s16 indicating the lower quality of RNA
(Schroeder et al. 2006). Considering this fact, we are not
able to get reliable qRT-PCR data with cells isolated from
paraformaldehyde-fixed lung tissue.

RNA integrity number (RIN) represents the ratio of
ribosomal subunit 26S and 18S, which is measured at 1—
10 scale. The higher RIN number represents a good qual-
ity of RNA. Ribosomal RNA is used as a standard for
measuring the RNA quality and our study showed that
using Carnoy’s solution for lung tissue fixation we got
highest RNA yield and integrity (Kang et al. 2017; Kim
et al. 2003; Shibutani et al. 2000). Further, to confirm the
effectiveness of isolated RNA, we evaluated cellular gene
expression in murine lung tissue by using different cell
types like airway smooth muscle cells, epithelial cells,
and granulomatous foci under normal and pathological
condition. Higher expression of x-SMA and fibronectin
in airway smooth muscle cells concord with earlier reports
suggesting increased airway remodeling genes in asthmat-
ic condition. Whereas, RNA isolated from epithelium tis-
sue showed epithelium marker E-cadherin and increased
TNF-x expression in granulomatous foci upon MA expo-
sure suggests quality and integrity of isolated RNA was
optimum to evaluate downstream effects.

We optimized our protocol to reduce the impact of several
events that affect the quality and quantity of RNA in the lung
tissue using LCM technique. With a small amount of RNA,
we showed a difference in cellular genes as per pathophysio-
logical condition by qRT-PCR, which shows the sensitivity of
the optimized method. In the present study, we describe an
optimized protocol using the Carnoy’s solution as a fixative
solution for lung tissue to isolate RNA from ASM cells,
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Fig. 4 Different cellular gene expression in LCM-isolated mouse lung
tissue. Change in expression of different cellular genes are observed in
accordance with treatment shows effectiveness of LCM and integrity of
RNA. a In ASM cell expression of a-smooth muscle actin (x-SMA),
fibronectin, and E-cadherin is significantly changed. b Airway epithelium
tissue showed increased expression of E-cadherin (epithelial marker),
whereas decreased in the x-SMA expression in MA-treated group than
the control. ¢ Cell from granulomatous foci showed high expression of
TNF«x gene in MA-treated group compared to PBS. Data represented as
mean = SEM of at least six mice per group; ***p <0.001, *p <0.05 PBS
vs MA

epithelial, and granulomatous foci. The fixative solution has a
major impact on RNA quality and integrity; Carnoy’s solution
provides better RNA quality and integrity compared to

paraformaldehyde in different lung cell types. Good quality
RNA can provide a more accurate evaluation of cell-specific
downstream analysis, which offers the opportunity for a more
precise diagnostic and therapeutic approach in translational
lung research.
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