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Introduction

The cilium and flagella are hair like structures 
protruding from the cell surface. These organelles 
can be seen on many cell types and performs
important tasks during the embryogenesis and 
throughout the entire life of an organism. Moving 
cilia or flagella can mobilize certain cells (sperm) or 
function as an unspecific host defense, transporting 
particles and mucus along the respiratory tract. 
Another important task is their ability to act as
mechanosensitive signal transducers, responding to 
changes in the external environment. This includes
bone formation in response to increased pressure 
and the detection of flow rate changes in renal 
nephrons. The inner core of the cilia consists of a 
detergent resistant microtubule skeleton called the 
axoneme (fig 1.). Raising from the ciliary base the 
axoneme consists of more than 200 proteins, not 
only participating in the axonemal architecture but 
also in signal transduction and as members of the 
complex motor machinery responsible for the 
motility of the cilia. The motor protein dynein is the 
key player in this machinery and enables the cilia to 
sway back and forth0.

Figure 1 Cross section of the axoneme. The yellow circle 
represents the ciliary membrane. Inner and outer dynein 
arms are shown in green. Microtubules are shown in blue.

Primary ciliary dyskinesia (PCD) is the collective 
term used to describe a number of medical 
conditions in which a structural defect renders the 
cilia partly or completely immotile. The disease is 
genetic and is inherited in an autosomal recessive 
fashion. PCD has been known since 1933 but the 
mechanism was first described by Björn Afzelius in 
1976 when electron microscopy revealed structural 
defects in the inner or outer dynein arms. Another 
study showed that more than 50% of patients 
suffering from recurrent airway infections had the 
same structural defects1. Ciliated epithelial cells are 
mainly found in the respiratory tract and the 
paranasal sinuses but also lines the inner ear and 
the fallopian tubes in the ovaries. In the respiratory 
tract their primary function is to propel the layer of 
mucus containing potentially harmful particles along 
the surface. When failing to do this, bacteria can 
thrive in the accumulated mucus, giving rise to 
chronic infections, sinusitus and eventually 
pneumonia2. Other symptoms connected to PCD
are a lowered sense of smell and hearing, male 
infertility due to the immotile sperm tale (possibly 
female infertility due to the inability to transport the 
egg through the ovaries) and situs inversus, a 
phenomena in which the organs of the thorax and 
abdomen ends up in a transposed position. Situs 
inversus occurs during the embryonic phase when 
the organs travel to their predetermined positions by 
the help of cilia. Due to the similarity in symptoms 
with other respiratory diseases PCD has often been 
confused with cystic fibrosis among others3. So far 
two mutations, lrd (inner-outer dynein arm) and 
DNAH114 have been confirmed leading to PCD 
although there are several more candidate genes 
waiting for acknowledgement. The triad situs 
inversus, chronic sinusitis and bronchiectasis
(inflammation of the bronchi) are usually referred to 
as Kartagener’s syndrome. Due to the fact that situs 
inversus occurs on a completely random basis, only 
50% of the PCD patients are diagnosed with 
Kartagener’s5.

Nitric oxide: Up until recently nitric oxide (NO), a 
free radical was known only as a harmful pollutant, 



formed during fuel combustion and cigarette 
smoking etc. Today it is known that NO plays an 
important role as a signaling molecule in a number 
of physiological processes. NO is produced in our 
bodies and has a vasodilatory effect on smooth 
muscle tissue in blood vessels, inhibits platelet 
aggregation and works as a neurotransmitter. NO 
also plays an important role in the primary host 
defense. Mainly as the first line of defense against 
airborne pathogens inside the exposed cavities of 
the nose and ears6. It has been shown that NO
possesses antibacterial and antiviral properties6 and 
that macrophages are able to kill fungi, protozoa, 
helminths (parasitic worms) and tumor cells7 by 
releasing NO. NO also plays an important role in 
local inflammatory responses. In the cytoplasm NO 
is very unstable but can be measured in its more 
stable gas form as it leaves the respiratory tract 
together with exhaled breath. This is done by using 
a sensitive chemiluminescence technique8 in which 
NO reacts with ozone, creating exited NO2 which 
releases a detectable photon when entering its 
unexcited state. NO is produced by a group of 
enzymes called nitric oxide synthases (NOS). So 
far, three different isoforms have been discovered, 
neuronal (nNOS), endothelial (eNOS) and inducible 
NOS (iNOS). Both eNOS and nNOS constantly 
produce low amounts of NO to regulate the vascular 
tone (eNOS) or as a neurotransmitter (nNOS) while 
iNOS needs to be induced by bacterial lipopoly-
saccharides (LPS), dsRNA (viral RNA), mechanical 
stimulation of the cilia (from particles and mucus), 
endotoxins or pro-inflammatory cytokines
(Interleukin and interferon). eNOS and nNOS are 
sometimes referred to as cNOS since they are 
constitutively active. In contrast to cNOS, iNOS can 
produce large amounts of NO as a direct response 
to a bacterial or viral attack9. NO is also produced 
as a general inflammatory mediator and it has been 
shown that patients with asthma produce large 
amount of NO (detectable in exhaled breath). The 
downside of this production is that large amounts of 
NO can be harmful to the cells and their surrounding 
tissue. Cells that can produce NO includes epithelial 
and endothelial cells, white blood cells 
(neutrophiles, mast cells and macrophages), 
autonomic neurons, fibroblasts, and smooth muscle 
cells10.

iNOS pathway: iNOS signaling is fairly complex and 
contains a number of cross linked pathways mainly 
involved in inflammation but also apoptosis and 
proliferation. As mentioned earlier, transcriptional 
activation of iNOS is a response following exposure 
to pathological substances, inflammatory mediators
or mechanical stimulation of the cilia. The major 
purpose of a mechanosensitive NO-pathway seems 
to be the ability to increase ciliary beating frequency 
(CBF) in response to an increased amount of mucus 
or particles. NO has been shown to increase the 
CBF with up to 60%23 enabling the cilia to quickly 
adjust to its surrounding environment. The 
transcription factor NF-κB (nuclear factor κB) is the 
main transcription factor linking these pathways 
together. NF-κB is activated through the 
phosphorylation and ubiquitination of the NF-κB 
inhibitor I-κB (normally bound to NF-κB). The

ubiquination leads to the proteasomal degradation 
of I-κB exposing the nuclear translocation signal of 
NF-κB. Bound to the κB element on the iNOS 
promoter NF-κB can then induce iNOS transcription. 
It has been shown that activation of NF-κB occurs 
regardless of which type of external stimuli triggers 
iNOS transcription12-16. In addition to NF-κB binding 
several other transcription factors are either 
necessary or helps enhancing the iNOS 
transcription. IFN-γ activates the JAK/STAT 
pathway leading to expression of IRF-1, which 
enhances the transcriptional ability of NF-κB17. 
Interleukin-1, LPS and viral dsRNA activates AP-1, 
another important iNOS transcription factor12, 18-19. 
Integrin linked kinase (ILK) bound to the integrin 
beta-1 receptor is another key player involved in 
activation of iNOS transcription factors CREB, AP-1 
and HIF-118-20. Two of the inflammatory proteins co 
expressed with iNOS are IL-8 and COX-221-22.

NO in the nasal cavity: Because of the high bacterial 
exposure to the nasal cavity one could speculate 
that a high NO production in this area would be 
beneficial for the host. Indeed, it has been shown 
that large amounts of NO are constantly being 
produced within the upper respiratory tract in 
humans. Interestingly, most of the NO produced in 
the nasal cavity is derived from the paranasal 
sinuses (around 80%). In fact, it has been 
suggested that this NO production could explain 
why these cavities are completely sterile in contrast 
to the somewhat infested nasal cavity6. For them to 
be kept sterile at all time inducible NOS have to be 
constitutively active meaning that the iNOS pathway 
needs to be constantly activated. However the 
ability to produce such a large amount of NO may 
still be the reason why evolution has chosen this 
isoform for this task as a first line of defense against 
airborne pathogens. As mentioned earlier, NO also 
has the ability to increase ciliary beating frequency 
with almost 60%23 which proves to be more than 
enough to keep the paranasal sinuses sterile at all 
time.

A link between NO and PCD:  In 1994 it was 
discovered that patients suffering from PCD had 
almost undetectable levels of NO in their upper 
respiratory tract. In the absence of the antibacterial
effect of NO and its ability to increase ciliary beating 
frequency these patients suffer a much higher 
susceptibility to airway infections. Indeed, chronic 
upper airway infection is a hallmark of PCD. The 
reason phenomena is not yet known but since iNOS 
is responsible for the NO synthesis the “broken link”
should be located somewhere along the pathway 
from external stimulation to the actual release of 
NO. Solving this puzzle could not only give raise to 
novel PCD treatments but could also increase the 
general understanding of iNOS regulation and its 
role in the unspecific host defense mechanism and 
inflammatory responses.

Specific Aims

To find out why patients with PCD lack the ability to 
release NO from their respiratory tract epithelium, 
one must first decide what part of the production 



chain to investigate. In this study the main focus 
was concentrated on whether these patients 
expressed iNOS mRNA or not by investigating the 
iNOS mRNA levels using QRT-PCR. The answer to 
this could be of great importance when continuing 
with further investigations since it shows if the 
problem is post- or pre-transcriptional. Finally, 
several possible solutions are discussed.

Material

Biopsies and nasal brush samples from thirteen 
both healthy controls and PCD patients were 
investigated. The main problem when using 
biopsies is that the majority of cells within the biopsy 
are other than epithelial cells (since these cells only 
constitute the outermost layer of the samples). 
When brushing the surface inside the nasal cavity 
with a small brush the epithelial cells are loosened 
and sticks to the brush. With this technique, up to 
95% of the cells removed are epithelial cells (fig 2.), 
making this method suitable for RNA extraction. The 
biopsies however, are more suitable for 
immunohistochemical and hybridization techniques. 
RNA had to be extracted from the nasal brush 
samples which were fixated in formalin and stored 
on glass slides at -80°C. The amount of cells per 
slide was only around 75000 and between 5-8 
slides existed for each subject. In addition to the low 
amount of cells the samples were also old (at least 
three years) and had been exposed to long time
degradation. Results from an earlier unpublished 
immunohistochemistry analysis of the frozen 
biopsies (performed by Emmelie Jansson, 
supervisor) suggested that the iNOS protein was in 
fact expressed in PCD patients. However, due to 
the complex network of “sticky” submembrane 
proteins located just beneath the cell surface the 
risk of unspecific binding was clearly elevated. To 
confirm the results iNOS mRNA expression levels 
had to be investigated. 

Figure 2 Columnar epithelial cell from one of the 
nasal brush samples. The photo comes from the 
immunohistochemistry analysis of the iNOS protein 
(“sticky” brown area represents iNOS close to the cilia).

Table 1 and diagram 1 shows all investigated 
patients, including their PCD status and measured 
nasal NO levels in ppb. These data were obtained 
from earlier NO measurements made by Professor 
Jon Lundberg at the same time the samples were 
obtained.

Name PCD control Nasal NO
ENO X 12 ppb
JNW X 28 ppb
KEO X 63 ppb
KNW X 33 ppb
MNG X 50 ppb
TLK X 42 ppb
AES X 195 ppb
AKI X 255 ppb
DAJ X 442 ppb
GAL X 124 ppb
MGO X 336 ppb
SHA X 428 ppb
SLN X 435 ppb

Table 1 List of investigated subjects and their measured 
nasal NO levels in parts per billion (ppb).

Diagram 1 A graphical conversion from table 1 showing 
measured nasal NO levels in parts per billion (ppb). 
Patients are shown in red and controls in green.

Methodology development

Due to the limited amount of material several 
methods had to be evaluated in order to begin with 
the RNA extraction of the nasal brush cells. At first a 
common RNA extraction protocol intended for fresh 
tissue samples was tested with brain and liver tissue 
from mice. However, even though this method 
would most certainly fail during RNA extraction of 
the small amount of cells present in the nasal brush 
samples it was still performed as a practice step. 
Two pieces of brain (m51, 7.9 mg and m52, 8.8 mg) 
and two pieces of liver (m58, 3 mg and m62, 2 mg)
was cut out from the samples and put in 800 µl of 
Trizol. The samples where then homogenized with a 
polytron homogenizer (fig 3.) for 10 seconds. 160 µl 
of chloroform was added to each sample. After 3 
minutes in the centrifuge at 10500 rpm the upper 
aqueous phase was removed with a 200 µl pipette 
(1 ml pipette caused the lower phase to mix with the 
upper) and put in new tubes. Isopropanol was then 
added and after 10 minutes in room temperature the 
samples were centrifuged for another 10 minutes at 
10500 rpm. This was followed by an 800 µl EtOH 
(95%) wash. All samples were carefully vortexed 
and span for eight minutes at 10000 rpm. The 
ethanol was removed and the pellet was suspended 
with 60 µl of ultra pure water. The RNA was 
evaluated with sybrgold (Molecular Probes Eugene, 
OR) on a 1.5% agarose gel at 100 V for 30 minutes 
(fig 4.). Sample m17 and m8 where made as 



controls by Annika Olsson (institution of 
pharmacology and physiology, KI).

Figure 3 A polytron homogenizer has the ability to 
homogenize tissue much more effectively than the 
commonly used mortar and pestle due to its high 
velocity and razor sharp blades

Figure 4 Sample m51 and m52 shows RNA from mouse 
brain, sample m58 and m62 shows RNA from mouse liver 
and sample m17 and m8 shows RNA from mouse brain 
(controls). RNA was successfully extracted from all six 
samples. Red dot shows the rRNA 28s subunit and blue 
the rRNA 18s subunit.

To simulate the situation of the nasal brush samples 
RAW4 macrophages was cytospun down on empty 
glass slides and fixated with formalin. In order to 
extract RNA from the cells they now first had to be 
removed from the slides and five different methods 
were tested (tab. 2).

Trizol I-p/Chloro. Additional information
1 100 µl 50/20 µl Cytomation pen
2 200 µl 100/40 µl Cytomation pen
3 100 µl 50/20 µl -
4 200 µl 100/40 µl Cell scraper
5 200 µl 100/40 µl Dry scrape with a knife

Table 2 The five different methods used to remove the 
cells from the glass slides. From slide 1-3 the cells were 
simply removed using Trizol and a pipette while a cell 
scraper and a scalpel was used with sample 4 and 5. I-P = 
isopropanol, Chloro = Chloroform.

A hydrophobic cytomation pen was used to draw a 
circle around the cells on slide 1 and 2 in an attempt 
to keep the trizol on the cells better. During 

preparation of the fifth sample EtOH wash was 
skipped to avoid loss of material. The same protocol 
as before was used with one exception. GlycoBlue 
(a blue dye linked to glycogen which can bind 
nucleic acid, Ambion TX) was added to the samples 
in order to visualize the much smaller pellet. 
GlycoBlue also makes the pellet slightly larger for 
easier handling. When evaluated on another 1.5% 
agarose gel no bands could be visualized. Possibly
degraded RNA could be seen at the bottom of the 
gel (fig 5).

Figure 5 Evaluation of the five cell removal techniques
(slide 1-5). No visible bands could be seen except a 
possible degradation band at the bottom of the gel. L = 
Ladder.

The procedure was repeated with different 
preparation methods (tab. 3). This time all samples 
were prepared on dry ice (to avoid smearing of the 
cells) and a scalpel was used for removal of the 
cells. The gel was run with the earlier prepared 
samples m62 and m58 as controls (fig 6.). However, 
no bands were visible for the samples (6-9).

Trizol I-p/Chloro. Additional information
6 200 µl 100/40 µl Dry scrape
7 200 µl 100/40 µl Dry scrape (EtOH)
8 100 µl 50/20 µl Trizol on cells
9 200 µl 100/40 µl Trizol on cells (EtOH)

Table 3 The additional four preparation methods (sample 
6-7). The cells were removed with a scalpel before the 
addition of trizol and in sample 8-9 trizol was added before 
scraping.

Figure 6 Sample m58 and m62 shows the previously 
extracted mouse RNA (control), ladder (L) and RNA from 
preparation methods 6-9 (tab. 2). The only visible rRNA 
bands are from the controls (red and blue).



Because of the low amount of cells it was still 
possible that RNA had been successfully extracted 
only that the low amount of RNA could not be 
visualized on a normal agarose gel. To investigate 
this, the efficiency of the different methods was 
compared. The RNA samples from the first RAW4 
cells (1-5), RAW4 from the second attempt (6-9) and 
the two liver samples (m58 and m62) where 
examined with a nanodrop spectrophotometer. The 
nanodrop uses a technique where a small drop (1 
µl) of the RNA sample is pipetted directly onto a 
small optical device. Using only surface tension the 
drop is elongated inside the apparatus to exactly 1 
mm so that data can be collected. The main 
advantages of using the nanodrop is the low sample 
volume (1 µl) required the possibility to work without 
cuvettes and its high working speed. The 260/280 
ratio is a measurement of protein contamination and 
should be between 1.8-2.0. The 260/230 ratio 
shows the contamination of organic compounds like 
phenol and should be around 2.0. Table 4 shows 
the data from the nanodrop spectrophotometer.

ng/µl 260/280 260/230 Prot. Phe.

1 829 1,69 0,28 Mid High
2 380 2,37 4,21 Low Low
3 2819 2,08 0,73 Low High
4 1641 1,88 0,44 Low High
5 2035 1,94 0,53 Low High
6 550 1,99 1,30 Low High
7 245 1,66 0,38 Mid High
8 748 1,49 0,25 High High
9 463 1,93 1,01 Low High

Table 4 Ratios and concentrations from the nanodrop 
spectrophotometer data. The data from the old m58 and 
m62 samples is not shown due to a problem with the 
machine. Sample 1-5 shows data from the five different 
methods described in table 2 and sample 6-9 shows data 
from the four additional methods described in table 3.

All samples (1-9) contained far too much protein 
and phenol contaminations with the exception of 
sample 2. This result however, is highly unreliable 
and could be explained by the unusually low amount 
of RNA in the sample. It stood clear that the 
concentration of RNA in all samples was either zero 
or extremely low, undetectable by the nanodrop 
apparatus. Eight additional methods were tested 
(Table 5). In The last two methods (7-8) 75000 cells 
was taken directly from a cell culture in order to 
determine if the problem had to do with the fixation 
of the cells rather than the amount of cells.

TZ/CF/I-P Cell scrape methods
1

200/40/100 µl
Cells where removed from the 
slide using a scalpel. The scalpel 
was then put inside a tube and 
washed with Trizol.

2
200/40/100 µl

Cells where loosened by a scalpel 
and then pushed over the slide 
edge into a tube.

3

200/40/100 µl

Cells where loosened with a 
scalpel. A tube was put upside 
down over the cells. Slide and 
tube was then turned upside down

4
200/40/100 µl

Trizol was added directly to the 
slide and the cells were removed 
with a pipette

5

200/40/ 200 µl

The whole slide was put in PBS 
and the cells were loosened with a 
cell scrape. The PBS was the 
centrifuged for 30 min at 3300 
rpm. Pellet was dissolved in Trizol.

6
1ml/200/500 µl

The whole slide was put in 1 ml 
Trizol which was transferred to a 
tube.

7
200/40/ 100 µl

Cells from cell culture were directly 
treated with Trizol. Including 
EtOH-wash

8
200/40/ 100 µl

Cells from cell culture were directly 
treated with Trizol. excluding 
EtOH-wash

Table 5 Eight additional methods were tested in order to 
confirm the data from the previous RNA quality analysis 
(table 4). Cells were taken from the RAW4 slides with the 
exception of sample 7 and 8 which were taken directly 
from a cell culture. TZ=Trizol, CF=Chloro-form, I-
P=Isopropanol

Since it stood clear that the concentration of
possible RNA in the samples was far too low to be 
visualized on a normal agarose gel this step was 
skipped. Instead a more sensitive RNA quality 
apparatus called the Aglient Bioanalyzer 2000 was 
used. The bioanalyzer uses a “micro gel” in order to 
simulate normal gel electrophoresis. The 
advantages lie in its ability to simultaneously run up 
to 96 samples and that its sensitive detectors are 
sometimes able to “read” the gel in a more exact 
manner than the human eye can. However, all runs 
with fixated cells (1-6) failed completely and did not
yield any results at all. On the other hand, RNA from 
the cell cultures (7-8) produced some (weak) results 
indicating that a new more optimized method for 
preparing the cells was needed.

The nasal brush samples were fixated with formalin
which had to be taken care of somehow in order to 
extract RNA more efficiently. The low amount of 
starting material also called for a more sensitive 
method capable of extracting RNA from only a few 
thousand cells. In addition the samples were at least 
partly degraded. The Stratagene FFPE kit was 
ordered to overcome these obstacles. It is designed 
to work with old fixated tissue and it is also sensitive 
enough to work with down to only a single cell. A 
rehydration process was also included in order to 
rehydrate the cells before cell removal. The slides 
were rehydrated in 99% EtOH, 90% EtOH and 70% 
EtOH for five minutes each. Four RAW4 slides 
where used to evaluate the kit following the 
instructions of the manufacturer. However, the first 
run did not show any bands at all when run on a 
1.5% agarose gel (fig 7.). In fact, it was impossible 
to see any degradation bands as well.



Figure 7 The first evaluation run of the Stratagene FFPE-
kit did not show any RNA bands at all. Sample 1-4, RNA 
extracted from the four RAW4 slides which was removed 
with a scalpel L = Ladder.

A second run was performed and three samples 
showed possible ribosomal RNA bands while 
number four showed strong bands (fig 8).

Figure 8 The second evaluation run with the Stratagene 
FFPE-kit from RAW4 cells. Bands are visible for all four 
samples (1-4) indicating the FFPE kit worked. L = Ladder

It was now clear that the FFPE kit worked with 
material prepared in the same way as the nasal 
brush samples. However since this material had 
been stored for several years it was still unclear if 
any RNA could be extracted from it. Four samples 
(GAL, MNG, JNW, AKI) and later four more (TLK, 
AKI, KEO, DAJ) was rehydrated in ethanol 
according to the FFPE protocol. They were then 
allowed to dry in room temperature for five minutes. 
The cells where transferred to Eppendorf tubes 
using a scalpel and incubated with 100 µl
Proteinase-K for 3 hours at 55 °C. Proteinase K has 
the ability to digest proteins and helps solubilising 
the tissue, detaching RNA from the fixated cells. 
RNA binding buffer was added to the samples, 
containing guanidine thiocyanate salt to protect the 
RNA from RNase digestion and β-Mercaptoethanol 
to remove disulfide bonds. The samples were then 
filtrated through a spin cup (maximum speed) and 
spun to a RNA-binding silica based fibre-matrix 

(maximum speed of 14000 g was used to ensure 
that the RNA stayed in the matrix). DNase treatment 
removed unwanted DNA from the matrix. The RNA 
was washed with salt buffer and finally removed 
using 30 µl pre heated elution buffer (75°C). This 
was the first try with real samples and the RNA was 
evaluated on a 1.5% agarose gel (Fig 9). 

Figure 9 Evaluation of the nasal brush cells (FFPE-kit). 
Sample 1-4, RNA from nasal brush samples TLK, AKT, 
KEO and DAJ. Sample 5-8, RNA from the RAW4 cells 
from the previous run.

Sample 1-4 (TLK, AKT, KEO, and DAJ) did not 
show any bands on the gel except for DAJ that 
showed a weak 28s band indicating that the FFPE 
kit might work with the old frozen samples.  This 
was the first indication of a successful RNA 
preparation from the nasal brush cells. Why only 
sample 4 showed bands could possibly be 
explained by the fact that an old loading dye was 
used with sample 1-3 but not with 4. However, the 
existence of a 18s band could be questioned. With 
some imagination it is visible but hardly strong 
enough to be counted as reliable evidence. Despite 
this, it was still assumed that the extraction had 
worked but it stood clear that something had to be 
done in order to refine the protocol. Could the poor 
results be explained by a loss of material during cell 
transfer or simply because the amount of RNA was 
still too low to be visualized on an agarose gel? 
Sample 5-8 contained the old RAW4 samples and 
showed bands even if 5-7 were quite weak.

LCM: or laser capture microdissection is a technique 
used for removal of specific cells from glass slides
(works with fixated frozen tissue). The slide is 
placed under a microscope equipped with a laser 
and a transparent film is placed directly over the 
cells. The size, strength and duration of the laser 
pulse is adjusted to match the tissue used. When a 
button is pressed the laser pulse melts the plastic 
film adhering it to the cells directly where the pulse 
hits. The plastic film is located on top of a plastic 
device called a “Cap” which can easily be placed 
inside a small tube for incubation and release of the 
cells by Proteinase-K. Even though LCM is mainly 
used for removal of specific cells it could be used for 
removal of entire cell spots from glass slides similar 
to the current conditions of the nasal brush cells. 
This would guarantee a lossless cell transfer from 



slide to tube. The method was tried several times 
but it soon stood clear that the cells could not be 
removed by LCM even if the strength and duration 
of the laser pulse was increased severely. 
Rehydration of the slides was also performed before 
LCM in an attempt to loosen the cells a little. One of 
the problems was to pre treat the slides with 
Proteinase-K since a small drop on top of the cells 
quickly vaporizes during the 55°C incubation. This 
problem might have been solved by using a cover 
slip, which on the other hand could have contributed 
to a loss of cells when removing the slip. Although, 
after a short Proteinase-K incubation (15 minutes)
without a cover slip the cells did not loosen at all. It 
was decided to abandon this technique and to 
continue with QRT-PCR of the “old” RNA samples
and if necessary, try to refine the old methods 
further. Figure 10 shows the LCM apparatus with 
four caps in the upper right corner.

Figure 10 The arcturusXT microdissection system.

cDNA synthesis: cDNA was first constructed from 
RNA samples 1-4 (TLK, AKI, KEO, DAJ) and human 
colon adenocarcinoma cells (SW480) as a positive 
control. RNA concentration was measured with a 
spectrophotometer in order to calculate the proper 
amount of RNA needed from each sample (table 6.).

cells 260 280 Abs 260*((40*25)/1000)
1. TLK 0,479 0,439 0,479 µg/µl1 µg=2,1 µl
2. AKT 0,203 0,178 0,203 µg/µl1 µg=4,9 µl
3. KEO 0,471 0,432 0,471 µg/µl1 µg=2,1 µl
4. DAJ 0,404 0,368 0,404 µg/µl1 µg=2,5 µl
SW480 0,565 0,410 0,565 µg/µl1 µg=1,8 µl

Table 6 A spectrophotometer was used to determine the 
amount of RNA needed for the cDNA synthesis. 1 µg RNA 
was used for each sample.

55 µl RT master mix was prepared containing 11 µl 
RT buffer, 4,4 µl dNTP mix, 11 µl random primers, 
5,5 µl multiscribe reverse transcriptase, 5,5 µl 
RNase inhibitor and 17,6 µl ultra pure water. 10 µl 
RNA sample and 10 µl RT master mix was mixed 
together in PCR tubes and run in a PCR machine 
using the program from table 7.

Step °C Time
1 25 10 min
2 37 60 min Reverse Transcription
3 37 60 min Reverse Transcription
4 85 5 min
5 4 ∞ Storing conditions

Table 7 Applied biosystems standard cDNA synthesis 
protocol.

The cDNA was run on an agarose gel to confirm if
the synthesis was successful or not (fig 11). Well 2-
5 were used for TLK. AKI, KEO and DAJ, SW480 
was in well 6 and RNA from SW480 was in well 7. It 
was expected that no bands would be seen in well 
1-5 since RNA from the same samples did not 
showed any bands either (fig.9). Real time PCR was 
performed with Taqman probes and Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) as an 
endogenous control. GAPDH, which is an enzyme 
involved in the glycolysis is classified as a 
“housekeeping gene”. These genes are constantly 
being expressed in virtually every cell type due to 
their central (vital) cellular functions. Without 
endogenous controls it is impossible to say anything 
about the PCR since nothing exists to compare the 
different samples amongst each other. This is even 
more important if the RNA concentration differs 
between the samples during the amplification. 
GAPDH was selected because it was believed that 
is was steadily expressed in respiratory tract 
epithelium.

Figure 11 cDNA from TLK, AKI, KEO, DAJ, SW480 (1-6) 
and RNA from SW480 (7).

QRT-PCR: Quantitative real time polymerase chain 
reaction (QRT-PCR) is similar to normal PCR with 
the exception that the amount of amplified DNA 
fragments can be measured in real time with each 
individual PCR cycle. A fluorescent dye is activated 
when binding to the newly formed amplicons leading 
to an increase in the overall fluorescence with every 
successful cycle. The threshold value or CT-value is 
the amount of PCR cycles required for a significant 
amount of DNA copies (fluorescence) to be 
reached. The main advantage of using QRT-PCR is 
of course the possibility to quantify and compare the
level of gene expression amongst samples.

Taqman probes: A Taqman probe is a sequence 
specific DNA probe equipped with a fluorophore 



(reporter) and a quencher (silencer) element. A 
sequence located between the two PCR primers is 
selected when constructing these probes. When the 
correct DNA fragment is duplicated the Taq-
polymerase separates the reporter from the 
quencher releasing them from the probe. While free 
from the quencher the reporter emits fluorescence 
that can be measured inside the QRT-PCR
machine. The main advantages of using Taqman 
probes is the much higher specificity since 
fluorophores are only released when the specific 
sequence has been duplicated (no random binding) 
and the possibility to work with multiple probes in 
the same assay (using different fluorophore colors ). 
This enables the possibility to run both GOI (gene of 
interest) and endogenous control at the same time 
(Duplex PCR). Although duplex PCR can be used 
without Taqman probes the procedure is much more 
complex and time consuming.

A bottle of Taqman gene expression PCR master 
mix was ordered from Applied Biosystems, 
containing AmpliTaq Gold DNA polymerase, Uracil-
DNA Glycosylase (UDG) to minimize PCR 
contamination and Oligo-dT. Taqman probes were 
included with the primer assays (VIC and FAM
fluorophores). cDNA from sample 1-4 (TLK, AKI, 
KEO, DAJ) including duplicates and dilutions of 
SW480 cells (1:1, 1:10 and 1:100) was mixed with 
primer assay and master mix. The samples were 
transferred to a Microamp optical 96-well reaction 
plate and ran in an Applied biosystems 7500 fast 
QRT-PCR machine. The results are presented in
table 8.

Well Sample Name Detector Ct
A1 Sw480 1:1 GAPDH 17,86

iNOS 29,24
A2 Sw480 1:10 iNOS 32,79

GAPDH 21,25
A3 Sw480 1:100 iNOS 35,85

GAPDH 24,63
A4 TLK 1 iNOS 33,38

GAPDH 31.54
A5 AKT 1 iNOS 30,02

GAPDH 29,81
A6 KEO 1 iNOS 33,17

GAPDH 33,65
A7 DAJ 1 iNOS 28,24

GAPDH 28,14
A8 TLK 2 iNOS 33,58

GAPDH 33,55
A9 AKT 2 iNOS 29,94

GAPDH 29,72
A10 KEO 2 iNOS 33,01

GAPDH 33,61
A11 DAJ 2 iNOS 28,35

GAPDH 28,29
A12 Sw480 1:1 iNOS 29,37

GAPDH 17,88
B1 Blank utan cDNA iNOS -

GAPDH 33,68

Table 8 CT values from the first QRT-PCR. Well A1-A3 
contains three different dilutions of Sw480 cDNA. This is 
done to compare amplification efficiency amongst the two 
genes. Well A4-A11 contains the nasal brush samples. 
Unfortunately the blank was contaminated.

A CT-values above 33 was considered as a weak 
signal and a value above 35 as unreliable or non
detectable. Unfortunately, the CT values from some 
of the samples were above 35 and thus, could not 
be accounted for. The FFPE protocol and cell 
removal procedure was revised in order to optimize 
the RNA extraction even further. This was thought 
to be necessary in order to continue with QRT-PCR
on the rest of the samples.
            
It was discovered that the FFPE kit had some 
specific requirements not taken into consideration 
earlier. First of all the amplicon length should not be 
greater than 100 bp. This is because degraded RNA 
contains a larger amount of short RNA fragments
which increases the risk of breakage in the primer or 
probe specific regions. This leads to a failure in 
PCR duplication of that specific cDNA copy. By 
using shorter amplicons (<100 bp) it is possible to 
amplify most of the template DNA. Around 50 bp is 
considered optimal since amplicons below 50 bp 
might increase the risk of unspecific binding too 
much. In this case the amplicon length for iNOS was 
53 bp (optimal) and for GAPDH, 122 bp which is 
considered too long. It is also important that the 
amplicon lengths (during duplex QRT-PCR) are as 
similar as possible, which was not the case here. 
This is to avoid different amplification rate among 
the two genes. However, a validation curve, with 
three different dilutions (1:1, 1:10 and 1:100) such 
as the one from well A1-A3, table 8 can be used to 
confirm if this is a problem or not. The ΔCT value in 
table 9 confirms that the difference in amplicon 
length could be ignored, at least in terms of the 
amplification rate.

Dilution Sw480 CT iNOS CT GAPDH ΔCT

1:1 29,24 17,86 11,38
1:100 32,79 21,26 11,53

1:1000 35,85 24,63 11,22

Table 9 Validation curve from table 8. ΔCT values in 
yellow confirms that amplification of the two genes occurs 
in a similar fashion.

In addition, the QRT-PCR run should also be 
extended by 5-10 cycles due to the poor RNA 
quality of the nasal brush samples. However, after 
consulting with the staff of Applied Biosystems it 
was decided to ignore this advice since an increase 
of 5-10 cycles would only produce unreliable results 
anyway. The cell removal process was refined and 
great efforts were made to ensure similar treatment 
of all samples. The Slides were rehydrated in Petri 
dishes to avoid wasting of ethanol and 
contamination amongst samples. Sharp lines were 
cut next to the cells with a scalpel and cutting pliers 
was used to cut out a thin glass segment from the 
slide. The segment was placed directly inside an 
Eppendorf tube and washed twice with warm 
Proteinase-K. The cells were gently scraped with 
the tip of the pipette during this procedure in order 
to loosen the cells properly. For all the samples two 
slides were used to increase the amount of RNA (4 
x 27.5 µl Proteinase-K). The tubes where incubated 
for 3 hours at 55°C as before (fig. 12).



Figure 12 Final Cell preparation protocol. A scalpel was 
used to pre-cut sharp lines close to the cells. This was 
done to increase the chances of a straight cut when 
removing the smaller glass segment (containing the cells) 
with cutting pliers. The segment was placed inside an 
Eppendorf tube where it was washed two times with warm 
Proteinase-K. The warm Proteinase-K in combination with 
some careful scraping with the tip of the pipette ensured 
that a majority of the cells ended up in the tube. This was 
followed by the normal 3 hour incubation at 55°C and the 
FFPE protocol.

Six samples were prepared for QRT-PCR using the 
new protocol (DAJ, AES, KEO, TLK, DAJB and 
SLNB). DAJB and SLNB were prepared slightly 
different since the pieces cut out from the slides 
were put at the bottom of two wells on a 6 well 
reaction plate. The wells were then filled with 55 µl 
of Proteinase-K and closed with parafilm before 
incubation. A mixture of cDNA from all samples was 
used as a control (although, this might not work if 
amplification of all samples fails). The QRT-PCR
results came back with undetectable or unreliable 
levels in every well except the “mix”-well. The PCR 
products were further investigated using a 1.5% 
agarose gel (fig 13) which confirmed the absence of 
PCR product in all wells except the “mix”-well.

Figure 13 Agarose gel of the QRT-PCR products. DAJ, 
AES, KEO and TLK, RNA prepared according to protocol 
in figure 12. DAJB and SLNB, RNA from cut out glass 
incubated in wells. BLNK = blank. L = Ladder. Mix = 
mixture of all samples.

There are only two possible explanations for this 
phenomenon. Either all the samples except the 
“mix”-sample was prepared incorrectly or the 
amount of cDNA was too high for any reaction to 
take place. This can happen since the cDNA 
samples also contains rest products from the cDNA 
synthesis that can interfere with the PCR reaction. It 
was a bad decision, based on the assumption that 

the low amount of starting material was not enough 
for QRT-PCR. However, the bands from the Mix well 
indicated that 5-6 µl of cDNA was the optimal 
amount to use. Another QRT-PCR was performed
with the same samples but only 5 µl was taken from 
each sample this time (table 10).

iNOS CT GAPDH CT
AES 32,5 38,4

DAJ 0 0
KEO 0 0

DAJ B 30,8 37,5
SLN 26,5 32,5
TLK 28,3 31,5

BLANK - -
Mix 1:1 28,8 31,4

1:10 29,8 29,2
1:100 33,2 32,7

Table 10 QRT-PCR results from the “second” run. Nasal 
brush samples in well 1-6. Dilution curve is made from a 
mixture of cDNA from all the samples (1µl from each 
sample).

The results obtained from the second QRT-PCR 
(table 10) were the first indication of a successful 
run. However, even though it is desirable that the 
amplification of the endogenous control is stronger 
than the amplification of the GOI it does not indicate 
that there is something wrong. Since the expression 
of GAPDH in nasal endothelial cells was never 
investigated nor compared with other endogenous 
controls the expression of GAPDH could simply be 
weaker than the one of iNOS. Samples AES, DAJB, 
SLN, TLK and Mix contained iNOS mRNA according 
to the QRT-PCR results even if the CT value of AES 
was a little bit high. KEO and DAJ had undetectable 
levels of both iNOS and GAPDH but since DAJB 
was successful only KEO had to be remade. The 
QRT-PCR product was investigated on a 1.5% 
agarose gel. A 100 bp ladder was used in order to 
distinguish between GAPDH and iNOS amplicons 
(fig 14),

Fig 14 Agarose gel on the PCR products from the second 
QRT-PCR confirms amplification of AES, DAJB, SLN and 
TLK. As expected the bands from AES appeared much 
weaker. BLNK (blank) was uncontaminated.

The rest of the samples, ENO, JNW, AKI, MGO, 
GAL, SHA, MNG, KNW and KEO were prepared 
and cDNA was synthesized from all samples at the 
same time. QRT-PCR of all nine samples was 
performed with one blank and one mix (tab. 11).



iNOS CT GAPDH CT
SHA 23,735 23,4
GAL 24,52 24,71
KEO 27,445 28,285
KNW 26,815 28,635
MNG 27,065 31,335
ENO 28,065 31,37
AKI 27,425 27,295
JNW 28,05 36,285
MGO 27,805 27,635
Blank 30,31

Mix 1:1 25,78 26,76
Mix 1:10 29,09 28,27
Mix 1:100 30,38 31,05

Table 11 QRT-PCR results from the “third” run. Nasal 
brush samples in well 1-9. Dilution curve made from a 
mixture of cDNA from all the samples (1µl from each 
sample).

Unfortunately the blank was contaminated and 
amplificated iNOS could be seen on the gel (fig 15). 

Figure 15 Agarose gel on the PCR products from the third 
QRT-PCR confirms amplification of both iNOS and 
GAPDH. The 100 bp ladder clearly distinguish between the 
122 bp GAPDH and the 53 bp iNOS amplicons. BNK 
(blank) is contaminated and expresses iNOS.  

This made it necessary to repeat the QRT-PCR a 
fourth time. This time more work was put into the 
preparation step and only new boxes of pipette tips 
were used. More cDNA was also prepared if a fifth 
QRT-PCR would become necessary. Comparative 
CT calculations and agarose gel was made. 
However, Blank 1 and 2 seemed to contain traces of 
contamination even if they were almost neglectable. 
Blank 3 was however clean (table 12, fig 16).

iNOS CT GAPDH CT
SHA 22,93 23,925
GAL 23,75 25,34
KEO 26,94 29,565
KNW 26,08 27,98
MNG 25,845 31,865
ENO 27,34 32,85
AKI 26,465 28,58
JNW 27,705 37,85
MGO 26,865 27,02

Mix 1:20 31,51 31,6
Blank1 34,22 -
Blank2 35,92 -
Blank3 - -

Table 12 QRT-PCR results from the “fourth” run. Nasal 
brush samples in well 1-9. Dilution curve is made from a 
mixture of cDNA from all the samples (1µl from each 
sample).

Figure 16 Agarose gel on the PCR products from the 
fourth QRT-PCR. Same setup as figure 15.

Results

Comparative CT calculations had to be made from 
the CT values obtained during the two QRT-PCR 
runs (tables 10 and 11). Since a normalization curve 
was missing (due to the undetermined RNA 
concentrations in the samples) Comparative CT 
calculations was the only option. The method is not 
used for exact quantification of individual samples 
but rather a comparison between two samples. In 
this case the average expression in patients was 
compared with the average expression in controls. 
Each patent was also individually compared with the 
average expression in controls. To calculate the 
comparatative CT value ΔCT is first calculated (ΔCT
= CTINOS-CTGAPDH). ΔCT is first calculated for the 
sample which is selected as the value to compare 
other values with (ΔCT1). Thus ΔΔCT is calculated 
with the formula: ΔΔCT1 = ΔCT1- ΔCT1 = 0 and 
ΔΔCT2 = ΔCT1- ΔCT2. Comparison between 
samples uses the formula 2-(ΔCT1-ΔCT1) = 1 for ΔCT1

and 2-(ΔCT1-ΔCT2) for ΔCT2. These calculations are 
presented in tables 13-15 and diagrams 2 and 3.

Sample CT iNOS CT GAPDH ΔCT 
KEO 27,45 28,29 -0,84
KNW 26,82 28,64 -1,82
MNG 27,07 31,34 -4,27
ENO 28,07 31,37 -3,3
TLK 28,3 31,5 -3,2
SHA 23,74 23,4 0,34
GAL 24,52 24,71 -0,19
AKI 27,43 27,3 0,13
MGO 27,81 27,64 0,17
SLN 26,5 32,5 -6

Table 13 Calculated ΔCT-values from 2 and 3. Sample 1-5 
are patients and 6-10 are controls. Samples JNW, AES 
and DAJ were excluded due to unreliable CT-values.

Group
CT 
iNOS

CT 
GAPDH ΔCT

ΔΔCT, 
patient Pat. rel. to cont.

Patients 27,54 30,23 -2,69
-2,69-(-
2,69)=0 2-(0)=1

Control 26 27,11 -1,11
-2,69-(-
1,11)=1,58 2-(1,58)=0,3345

Table 14 Comparative CT calculations. Patient iNOS 
expression is compared to control iNOS expression. 



Group
CT 
iNOS

CT 
GAPDH ΔCT

ΔΔCT 
patient Pat. rel to cont.

KEO 27,45 28,29 -0,84 0,27 2-(0,27)=0,83
KNW 26,82 28,64 -1,82 -0,71 2-(-0,71)=1,64
MNG 27,07 31,34 -4,27 -3,16 2-(-3,16)=9,09
ENO 28,07 31,37 -3,3 -2,19 2-(-2,19)=4,56
TLK 28,3 31,5 -3,2 -2,09 2-(-2,09)=4,26
Control 26 27,11 -1,11 0 2-(0)=1

Table 15 Comparative CT calculations. Each individual 
patient is compared to an average of the controls.

Diagram 2 iNOS expression from table 14. Comparison of 
patients versus controls

Diagram 3 iNOS expression from table 15. Comparison of 
each individual patient versus the control average.

Discussion

The aim of this project was to confirm if PCD 
patients expressed iNOS mRNA. However, the 
results do not clearly provide any reliable 
quantification of the RNA expressed among the two 
groups, although it seems like PCD patients rather 
express even more iNOS than the controls. This 
new information leads to the question, why do these
patients express iNOS mRNA but suffers from a 
huge reduction in nitric oxide levels in their 
respiratory tract, and what is the mechanism behind 
this phenomenon? To answer this question one 
must begin by investigating the entire signaling 
pathway from extracellular signal to the actual 
release of NO. Several possibilities exist and a few 
of them are presented below. Since it is highly 
unlikely to assume that PCD patients also suffer 
from another mutation within the iNOS gene the 
connection has to be transductional or mechanical 
rather than genetic. Here, the pathway is reviewed 
backwards and begins with the location of active 

iNOS enzyme. While PCD patients seem to express 
iNOS mRNA, even if it is reduced, it is not clear that 
they have any functional iNOS enzyme and if it is 
located correctly in the cell. Both immunological 
staining and electron microscopy reveals that active 
iNOS is located close to the cell surface or inside 
the cilia themselves where the unstable nitric oxide 
have easy access to the exterior of the cell6. This 
also correlates with ability of NO to directly interact 
with the axoneme and thereby increase ciliary beat 
frequency with up to almost 60%23. If in fact PCD 
patients have functional iNOS and it its located 
correctly it is possible that the NO produced is highly 
dependent on the “whipping” motion of the cilia to 
escape the ciliary lumen. iNOS is normally bound to 
the PDZ EBP-50 protein (ezrin-radixin-moesin-
binding phosfoprotein 50) associated with linking the 
cortical actin cytoskeleton to the membrane24. CAP 
70 is another membrane/actin bound PDZ protein 
that also binds to iNOS. Interestingly, the amount of 
active iNOS dimers increases when iNOS binds to 
CAP7025 suggesting an important role in the 
activation step of iNOS. It is possible that this 
membrane linking process is somehow interrupted 
within PCD patients leaving iNOS stranded too far 
from the surface where it will not be able to produce 
and release NO in a functional manner. The lack of 
CAP70 interaction could also reduce dimerization 
and activation of iNOS. Another explanation could 
be an interruption in the palmitoylation process, in 
which fatty acids are covalently attached to the N-
terminal of iNOS. This step has shown to be 
necessary for translocation of iNOS from the cytosol 
to the membrane and EBP-50/CAP70 complexes25. 
If the absence of NO in patients with PCD is linked 
to a blockage or reduction of iNOS transcription one 
has to take a closer look at the pre translational 
phase to find out if it is somehow interrupted. 
Trapped NO in the cell could inhibit iNOS 
transcription (negative feedback loop) by blocking 
the translocation of the NF-κB (subunit p65) to the 
nucleus26 suggesting that NO left behind in the cell 
can actively participate in the down regulation of 
iNOS expression. NO also prevents iNOS 
dimerization27-28 suggesting yet another way that 
NO can regulate its own production. How does the 
lack of moving cilia interrupt iNOS transcription? 
There are only two possible explanations for this. 
The immotile cilium fails to mediate some kind of 
extracellular signal either by blocking 
mechanosensitive ion channels in the somatic and 
ciliary plasma membrane or that the 
mechanosensitive area is located inside the 
axoneme itself and might be dependent on a 
functional axoneme composition which cannot be 
found in PCD patients. These mechanosensitive ion 
channels are able to transport extracellular Ca2+ in 
response to mechanical stress like the stretching 
motion of moving cilia. It is also known that the 
amount of ion channels in the cilia is much higher 
compared to the somatic membrane29. How can this 
inhibition of Ca2+ influx affect NO production in these 
cells? First of all it is important to know that this 
influx mainly affect the apical areas of the cell 
closest to the cilia and membrane, at least during 
short time activation which may not be the case with 
PCD. Ca2+ is an important mediator in a number of 



cellular events and could very well be involved in 
one or many of the steps leading to NO production. 
However, iNOS is usually referred to as the Ca2+-
independent isoform because the binding of 
calmodulin to iNOS does not require Ca2+ as it does 
during cNOS binding30. Though, Ca2+ can still be 
involved in a more distant step of the NO production 
chain than the actual calmodulin binding. When the 
cilia of rabbit respiratory tract cells are exposed to 
mechanical stimuli they temporarily increase their 
beating frequency. This response however is lost 
when extracellular Ca2+ is removed but can be 
restored if the cells are treated with prostaglandins, 
which lead to an intracellular Ca2+ release31. As 
mentioned earlier NO can increase ciliary beating 
frequency the same way that Ca2+ passing through 
mechanosensitive ion channels can indicating a 
possible connection between elevated Ca2+ levels 
and NO production. This theory is strengthened by 
the fact that respiratory tract cells respond to an 
increase in the amount of mucus and particles by 
increasing their own beat frequency. In osteoblasts 
mechanosensitivity is responsible for the activation 
of tyrosine kinase (Ca2+-channels MSCC and 
VSCC) and the translocation of NF-κB (release of 
intracellular Ca2+), to the nucleus37. Cellular 
response to Ca2+ influx seems to work through a 
second messenger rather than direct contact with 
the iNOS signaling pathway. This theory is 
strengthened by the rapid response between 
epithelial cells through gap junctions (31). 
Calmodulin, an important Ca2+-binding signaling 
protein capable of binding and modifying a variety of 
protein, mediates Ca2+ responses to proteins lacking 
Ca2+ binding ability themselves could be an 
important key to where the NO production chain is 
broken. Evidence shows that iNOS binds to 
calmodulin after transcription and32-33 this seems to 
be necessary in order to avoid aggregation of iNOS 
due to its highly hydrophobic CaM-binding 
domains34 which proves the need for co expressed 
calmodulin. In rat aortic vascular smooth muscle 
cells the Ca2+/calmodulin-dependent protein kinase 
CamKII seems to regulate iNOS localization towards 
the plasma membrane35. LPS induced iNOS 
activation seems to increase the amount of 
calmodulin followed by translocation of iNOS key 
transcription factors NF-κB subunit p65, C-Jun and 
Sp136 indicating a possible Ca2+ dependent iNOS 
transcription. Expression of iNOS is regulated by a 
complex signaling network and it is not unlikely to 
believe that somewhere along this myriad of 
mediators the aftermath of immotile cilia can 
interfere somehow. However, I believe the solution 
is much simpler and for now the simplest 
explanation seems to be the most correct one. 
Namely the entrapment of NO within the cytosol 
and/or cilia due to defect iNOS 
activation/dimerization/translocation or simply the 
lack of the “whipping” motions provided by intact 
cilium. The natural step to continue this investigation 
would be to confirm the location of iNOS within the 
nasal epithelial cells of the PCD-patients using 
electron microscopy. It could also be necessary to 
measure the amount of NO in these cells to confirm 
if NO is accumulated. This could be done by using 
DAF-2 (diaminofluorescein), a molecule capable of 

binding NO and emit fluorescence at the same time, 
making it measurable. The existence of co 
expressed inflammatory proteins could also be 
investigated to confirm the activity of shared 
transcription factors along the iNOS pathway. 
However, all of these actions require fresh material 
in order to be tested.
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