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The developmental processes that take place during embryogenesis depend on a great number
of proteins that are important for cell-to-cell communication. Platelet-derived growth factors
are known to be important for epithelial-mesenchymal interactions during development
and organogenesis. However, many details are still lacking regarding organ-specific PDGF
expression patterns and detailed cellular functions. This thesis aims to better describe the
contribution of PDGF-A signaling to lung developmental and injury processes.

To study the cell-specific expression patterns of PDGF-A we generated a reporter mouse that
show LacZ expression in all PDGF-A positive cells. This mouse model was used to characterize
PDGF-A expression in embryonic and adult mouse tissues (paper I).

With the use of three different reporter mice, we described the cell type specific expression
patterns of PDGF-A, PDGF-C and PDGFRα in mouse lungs, from embryonic day 10.5 (E10.5)
when development is initiated, until adulthood (Postnatal day 60) when the lung is fully mature
(paper II).

A lung-specific Pdgfa knockout mouse was generated and the impact of the deletion was
studied during lung development and adulthood. Mice lacking Pdgfa expression in the lung
survived until adulthood but exhibited abnormal alveolar development. This phenotype was
caused by the inability of myofibroblasts to assemble alpha smooth muscle actin ring around
the forming alveoli (paper III).

To investigate if PDGF-A is involved in the injury response mechanisms of the adult lung, we
generated inducible lung-specific Pdgfa knockout mice. In homeostasis, adult Pdgfa deletion did
not result in any apparent phenotype, whereas after hyperoxia-induced lung injury, preliminary
data show that mutant mice exhibit substantially more alveolar damage and immune cell
infiltration (paper IV).

In conclusion, this thesis reports novel insights into the expression and role of PDGF-A and
PDGFRα for the lung, both in development and adulthood.
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To Lurdinhas 

“Science, my lad, is made up of mistakes, but they are mistakes which it is useful to 
make, because they lead little by little to the truth.” 

 
- Jules Verne, A Journey to the Center of the Earth 
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α-SMA Alpha-smooth muscle actin 
3D Three dimensional 
ADFP Adipose differentiation-related protein 
AEC1 Alveolar epithelial cell type I 
AEC2 Alveolar epithelial cell type II 
BPD Bronchopulmonary dysplasia 
BSC Basal stem cell 
cDNA Complementary DNA 
CNS Central nervous system 
COPD Chronic obstructive pulmonary dysplasia 
DNA Deoxyribonucleic acid 
E Embryonic day 
ECM Extracellular matrix 
FGF Fibroblast growth factor 
FGFR Fibroblast growth factor receptor 
GFP Green fluorescent protein 
H2B Histone protein 2b 
Id Inhibitor of DNA binding 
IF Immunofluorescence 
Ig Immunoglobulin 
KO Knockout 
LSCM Laser scanning confocal microscopy 
MANC Mesenchymal alveolar niche cell 
MLI Mean linear intercept 
NE Neuroendocrine 
NO2 Nitric dioxide 
NSCLC Non-small cell lung cancer 
O2 Oxygen 
OCT Optimum cutting temperature 
P Postnatal day 
PAH Pulmonary arterial hypertension 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PDGF Platelet-derived growth factor 
PDGFR Platelet-derived growth factor receptor 
PI3K Phosphatidylinositol 3’ kinase 



 

PLCγ Phospholipase C gamma 
qPCR Quantitative polymerase chain reaction 
RNA Ribonucleic acid 
RTK Receptor tyrosine kinase 
SCGB Secretoglobin 
SH2 Src homology 2 
SMC Smooth muscle cell 
SOX sex determining region Y-box  
SPC Surfactant protein C 
VEGF Vascular endothelial growth factor 
WNT Wingless 
WT Wild-type 
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Introduction 

The human body contains more than thirty trillion cells (1) forming different 
organs and tissues. It is fascinating to think that it all starts with a single cell! 
The interest in understanding how that single cell -the fertilized egg- gives rise 
to so many different cell types, tissues and organs goes back to Aristotle and 
it still intrigues developmental biologists nowadays (2). 

To create complex multicellular organisms as animals are, the various cells 
of the body must interact in a coordinative fashion. During development, cells 
communicate with each other through signaling pathways and many of these 
pathways act through paracrine factors. This means that one cell secretes a 
protein or factor that binds to a receptor on a target cell. This receptor is 
activated and this triggers the activation or inhibition of intracellular 
molecules that modulate gene expression and/or induce cellular processes 
such as proliferation, migration, apoptosis, adhesion, polarity and 
reorganization of the cytoskeleton (3).  

The signaling pathways involved in the development of different organs 
show some level of redundancy, as the same pathway can be involved in the 
development of, for example, the brain, the heart and the intestine, but their 
spatial and temporal activation may be quite different. Moreover, in most 
cases several signaling pathways are usually involved in a single step of the 
development of an organ.  

Interestingly, signaling pathways that are involved in development play 
also a role during adulthood. These pathways may get re-activated during 
repair mechanisms after injury. Additionally, abnormal function of 
developmental signaling pathways may also be involved in different diseases. 
Therefore, a deeper understanding on the mechanisms of action of these 
pathways can get us a step closer to understand certain diseases and develop 
therapies to cope with them. 

This thesis focuses on the importance of the platelet-derived growth factor 
A (PDGF-A) signaling pathway for the lung. An introduction to PDGF 
signaling and lung development is provided, followed by a description of lung 
injury repair mechanisms and the current knowledge on PDGFs roles in lung 
development and disease. 
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Platelet-derived growth factors 

PDGF ligands 
Platelet-derived growth factors (PDGFs) were first identified in the 1970’s as 
serum factors that stimulated the proliferation of smooth muscle cells (SMCs), 
glial cells and fibroblasts in vitro (4-6). PDGFs were characterized after 
purification from platelets (7, 8) and two polypeptide chains were first 
identified: PDGF-A and PDGF-B (9, 10). Later on, two more peptide chains 
were identified: PDGF-C (11, 12) and PDGF-D (13, 14).  

PDGFs are encoded by four different genes (PDGFA, PDGFB, PDGFC 
and PDGFD) located in different chromosomes both in humans (7, 22, 4 and 
11, respectively) and mice (5, 15, 3 and 9, respectively) (15). Structurally, the 
four different peptide chains (PDGF-A, PDGF-B, PDGF-C and PDGF-D) 
have a conserved cysteine-containing growth factor core domain. However, 
PDGF-A and PDGF-B peptide chains have N-terminal retention motifs, while 
PDGF-C and PDGF-D have instead a C-terminal CUB domain (Figure 1) (16).  

PDGF-A and PDGF-B amino acid sequences are approximately 60% 
identic. Both peptides require intracellular proteolytic cleavage to be activated 
(10). PDGF-A occurs in two isoforms, that vary in the presence (PDGF-Along) 
or absence (PDGF-Ashort) of the retention motif in the C-terminus (17, 18). 
PDGF-Ashort is the most abundant of the two isoforms and can freely diffuse, 
while PDGF-Along binds to the extracellular matrix (ECM), exhibiting high 
concentration pericellularly (19). PDGF-B retention motif is crucial for 
pericyte recruitment and normal vascular development (20, 21). 

Figure 1. PDGF ligands peptide chain structure. All four PDGF peptide chains contain
a conserved core domain (green) and a putative signal sequence (yellow). PDGF-A and 
PDGF-B contain a propeptide (blue) that is cleaved intracellularly before secretion and 
a retention motif domain in the C-terminus (red). PDGF-C and PDGF-D peptides contain
a CUB domain in the N-terminus (orange). Adapted from (16) with permission. 

Core domain
Retention motif
CUB domain
Propeptide
(putative) signal sequence

PDGF-A

PDGF-B
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PDGF-C and PDGF-D share 50% of amino acid sequence identity and 
contrary to the other PDGFs, do not require intracellular processing prior to 
secretion (11, 14). They are instead secreted as inactive peptides that need to 
be activated by the dissociation between the core and N-terminal CUB 
domains (22). 

Biologically active PDGF ligands dimerize through a disulfide link of two 
chains prior to secretion. So far, five different PDGF dimers have been 
identified: four homodimers (PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD) 
and one heterodimer (PDGF-AB) (16, 23, 24). 

PDGF receptors 
PDGFs act through two receptors: PDGFRα and PDGFRβ. Each of them is 
also encoded by genes located on different chromosomes. PDGFRA gene is 
found in chromosome 4 and 5 (human and mouse, respectively), whereas 
PDGFRB gene resides in chromosome 5 and 18 (human and mouse, 
respectively) (15). PDGFRs are class III receptor tyrosine kinases (RTKs), 
containing an extracellular binding domain composed by five 
immunoglobulin (Ig) loops and an intracellular tyrosine kinase domain (25). 
As typical RTKs, PDGFRs are monomers at the cell membrane in the inactive 
state and it is the binding of PDGFs that induces receptor dimerization. 
Dimerization can result in three different receptors: PDGFRα, PDGFRβ and 
PDGFRαβ (23). 

Figure 2. Interactions between PDGF receptors and ligands. (A) Interactions that were 
shown through cell culture experiments. (B) The only interactions that have been 
confirmed with in vivo studies. Adapted from (16) with permission. 

PDGF-A PDGF-BPDGF-C PDGF-DPDGF-AB

PDGFR PDGFR PDGFR PDGFR PDGFR PDGFR

A B

PDGF-A PDGF-BPDGF-C PDGF-DPDGF-AB

Interactions demonstrated in vitro Interactions demonstrated in vivo
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PDGFR-PDGF interactions were first demonstrated in vitro and revealed 
differential interactions between ligands and receptors (Figure 2A). PDGF-A 
and PDGF-C bind to PDGFRα, while PDGF-B and PDGF-D bind to 
PDGFRβ. All four ligands were shown to bind in vitro to PDGFRαβ, but the 
interaction with PDGF-C or PDGF-D was weaker than with PDGF-A and 
PDGF-B. So far, only several of these interactions have been proven in vivo 
(Figure 2B). Loss of function studies confirmed the interactions of PDGFRα 
with PDGF-A (26-30) and PDGF-C (31-33) and the interaction of PDGFRβ 
with PDGF-B (34, 35) and PDGF-D (36). Interactions between PDGFRαβ 
and ligands are more challenging to confirm with in vivo studies since none of 
the ligands bind exclusively to the heterodimeric receptor. Moreover, deleting 
any of the receptor chains also deletes the homodimer receptors. It has been 
recently shown, however, the first evidence for the presence of PDGFRαβ 
heterodimers in vivo and their role for craniofacial development (37). 

PDGFRs are activated after the ligand-induced dimerization, resulting in 
auto-phosphorylation of tyrosine residues (38). Consequently, the intracellular 
domain becomes a docking site for downstream signaling molecules that bind 
to the receptor’s phosphotyrosines through their Src homology 2 (SH2) 
domains (39), such as phosphatidylinositol 3’ kinase (PI3K), phospholipase 
C-γ (PLC-γ), src family tyrosine kinases, Grb2/Sos1 and Nck (16).  

Some of the downstream signaling pathways that are activated by PDGFR 
activation are known to participate in many cellular responses (40-42). For 
instance, when PLC-γ binds to PDGFRs it induces cell migration (43) or when 
PI3K is activated by PDGFRs it induces actin reorganization, cell proliferation 
and motility stimulation (44). 

Even though both PDGFRs induce, in general terms, similar downstream 
signaling cascades and intracellular responses, they exhibit distinct cellular 
expression patterns and functions (45). This was demonstrated by the deletion 
of each receptor gene, which resulted in severe but distinct developmental 
defects (29, 34, 46, 47).  

Expression and developmental roles of PDGFRα, 
PDGF-A and PDGF-C 
This thesis work is focused on PDGFRα and its ligands, PDGF-A and PDGF-
C. Their expression patterns and roles in development have been studied by 
loss-of-function mutations, achieved by gene targeting in mice (48). It was 
through these studies that PDGF-A and PDGF-C were shown to be PDGFRα 
main ligands, since mice with a loss of function mutation in both Pdgfa and 
Pdgfc genes phenocopies the PDGFRα null mice (29, 31). 

PDGF-A is expressed in diverse epithelial, neuronal and muscular cell 
types during development (49-51). The global deletion of PDGF-A in mice 
(Pdgfa-/-) is lethal, but the time point of lethality varies, depending on the 
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mouse genetic background (52). The few Pdgfa-/- mice that survive postnatally 
display an array of developmental defects in several organs (Figure 3): 

CNS

Pdgfa+/+ Pdgfa-/-

Skin

Testis

Intestine

Lung

OPC

Hair follicle

Dermis

Leydig
cells

Seminiferous
tubules

Villi

Alveoli

Figure 3. Schematic representation of the different organs (left column) where PDGF-
A signaling is important for the developmental processes. The development of the 
different organs in wild-type mice (Pdgfa+/+) is shown (middle column) and can be 
compared with the abnormal development (right column) observed in knockout mice 
(Pdgfa-/-). CNS: central nervous system; OPC: oligodendrocyte progenitors. 
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• Central nervous system (CNS): oligodendrocytes are responsible 
for myelin formation in the CNS. In Pdgfa-/- mice, oligodendrocyte 
progenitors migration and proliferation is affected, resulting in 
hypomyelination of neuronal extensions in peripheral areas such as 
the cerebellum (28, 53). 

• Skin: Pdgfa-/- mice exhibit a thin dermis and defective hair follicle 
caused by a progressive disruption of the dermal mesenchyme (54). 

• Testis: Leydig cells are the testosterone producing cells in the testis. 
Pdgfa-/- mice have smaller testicles most likely caused by the lack 
of mature Leydig cells (55). 

• Intestine: in Pdgfa-/- mice , less intestinal villi are formed and these 
exhibit abnormal shape and length (30). 

• Lung: alveoli in the lungs of Pdgfa-/- mice are enlarged and lack 
secondary septation, due to the deficit of α-smooth muscle actin (α-
SMA)-positive cells in the distal lung (26, 52). 

PDGF-C is also expressed in epithelial, muscular and neuronal cell types (33, 
56). PDGF-C deletion in mice (Pdgfc-/-) also resulted in developmental defects 
in several organs, but these differed from the defects observed in Pdgfa-/- mice 
(Figure 4): 

• Palate: Pdgfc-/- mice die shortly after birth (also depending on the 
genetic background) due to problems in breathing and feeding, 
caused by a cleft on the secondary palate and failure of the palate 
bones to close the oronasal cavity (31). 

• CNS: in the C57BL/6 genetic background, Pdgfc-/- mice display 
abnormal cerebral ventricle development and the brain vasculature 
is affected by aberrant smooth muscle cell coverage (57). 

• Skin: Pdgfc-/- embryos form sub-epidermal blisters in the cranium 
(31). 

• Skeleton: Postnatal surviving Pdgfc-/- mice develop spina bifida 
oculta, caused by defects in the vertebra and dorsal spinal cord (31, 
33). 

PDGFRα is expressed very early in embryonic development, in the 
trophectoderm of the blastocyst (58). Later it is expressed by several 
mesenchymal progenitors in the embryo and mesenchymal cells postnatally 
(29, 51, 58-60). PDGFRα loss of function mutation (Pdgfra-/-) leads to early 
embryonic lethality and different developmental defects including incomplete 
cephalic closure, spina bifida, apoptosis of the neural crest-derived 
mesenchyme, sub-epidermal blistering, cardiovascular and skeletal defects 
(29, 58-61). The phenotypes observed in Pdgfra-/- mice were more severe than 
the ones observed in either Pdgfa-/- or Pdgfc-/- (29, 31), but some are 
phenotypically similar to Pdgfc-/- mice, as in both cases the analysis was 
performed in the embryo. Since Pdgfra-/- mice die before E16.5 and the 
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published phenotypes of Pdgfa-/- mice were described only postnatally, it has 
not been possible to evaluate the similarities. 

CNS

Pdgfc+/+ Pdgfc-/-

Palate

Skeleton

Skin

 

Figure 4. Schematic representation of the different organs (left column) where PDGF-
C signaling has been shown to be important for the developmental processes. The 
development of the different organs in wild-type mice (Pdgfc+/+) is shown (middle 
column) and can be compared with the abnormal development (right column) 
observed in knockout mice (Pdgfc-/-). CNS: central nervous system. 
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The lung 

The lung is part of the complex respiratory system that is essential for one’s 
health and well-being. From the first breath and through one’s entire life, the 
lung is the responsible organ for providing oxygen to all tissues and 
exchanging it for carbon dioxide. The airways and lungs are exposed to 
several risks, including dehydration, pathogens, dust particles and pollutants. 
Therefore, the respiratory system had to evolve and develop strategies to 
overcome these challenges, including mucus secretion (62), innate immunity 
(63) and surfactant to maintain surface tension (64). These and other 
properties of the lung are achieved by a great variety of cell types that 
communicate with each other.  

Structurally, lungs exhibit a branched tubular structure of conducting 
airways and blood vessels terminating in specialized and highly vascularized 
structures named alveoli, where the blood-gas exchange occur. Lungs are 
composed by five lobes in both humans and mice, although they differ in 
distribution. Human lungs have two left and three right lobes, while mouse 
lungs have one left and four right lobes.  

The adult lung contains a high number of specialized cells (Figure 5). They 
can be classified as epithelial cells, when they originate from the foregut 
endoderm or as mesenchymal cells, when they originate in the splanchnic 
mesoderm. Epithelial cells form the conducting airways and are the first 
physical barrier against the external environment. Different types of epithelial 
cells form the airways and have different functions: 

 
• Basal cells: these cells participate in the inflammatory response of 

the lung and have the role of attaching the columnar epithelium to 
the basal lamina (65). Basal cells are also progenitor cells of 
columnar airway epithelium during development and after injury 
(66-69) 

• Ciliated cells: these cells are responsible for the mucus clearance in 
the lung, through chemical or mechanical stimulation of cilia 
motility in the apical region of the cell (62, 70). Impairment of the 
ciliary functions has been associated with some lung diseases such 
as chronic obstructive pulmonary dysplasia (COPD) and asthma 
(71, 72).  

• Secretory cells: there are two types of secretory cells in the lung, 
goblet and club cells. Goblet cells are responsible for mucus 
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production and secretion and club cells synthetize bronchiolar 
surfactant. Both cells are involved in the injury repair mechanisms 
and can both self-renew and differentiate into other airway 
epithelial cell types such as ciliated cells (73-75). 

• Neuroendocrine (NE) cells: these cells are often observed as 
aggregates in the airways and are sensitive to different stimuli, for 
example, hypoxia (73). These are the first cells to differentiate 
during lung development and are involved in lung maturation (76, 
77) NE cells can secrete substances, such as serotonin and 
calcitonin, that can influence the blood flow in the lung, immune 
responses and the state of contraction of the airway SMCs (78).  

• Alveolar epithelial type I cells (AEC1s): these cells occupy 95% of 
the alveolar surface. These squamous flatten cells form part of the 
air-blood barrier, are essential for blood-gas exchange and acquire 
their morphology during the last stage of lung development (79). 
Recently, two distinct populations of AEC1s were identified, one 
that is terminally differentiated and other that preserve cellular 
plasticity (80). Additionally, it has been shown that AEC1s play a 
role in alveolar angiogenesis (79) and can differentiate into alveolar 
epithelial type II cells after pneumonectomy (81). 

• Alveolar epithelial type II cells (AEC2s): these are cuboidal-shape 
cells that together with AEC1s form the alveolar wall. AEC2s are 
important for surfactant production and secretion to lower the 
surface tension and prevent alveolar collapse. AEC2s can self-
renew and differentiate into AEC1s during homeostasis and after 
lung injury (82-84). 

There are also different types of mesenchymal cells, which are less 
characterized than epithelial cells. Nonetheless, different mesenchymal cell 
types and their functions have been identified: 

 
• Airway and vascular smooth muscle cells (SMCs): these cells 

surround and give structural integrity to the conducting airways and 
blood vessels. Deregulation of airway SMCs functions is involved 
in the pathology of asthma, as they can contract and cause the 
narrowing of the airways (85). 

• Fibroblasts: there are multiple populations of fibroblasts in the lung 
whose functions are still unknown, however, two populations have 
been well described: lipofibroblasts and myofibroblasts. 
Lipofibroblasts contain lipid droplets and are located in close 
association with AEC2s (86). They are involved in surfactant 
production and contribute to the stem cell niche of AEC2s (82, 87, 
88). It has been recently shown that lipofibroblasts retain a certain 
cellular plasticity, as they can convert to activated myofibroblasts 
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during fibrosis (89). Myofibroblasts express α-SMA and are
transiently found in the distal lung during alveogenesis. These are 
important for the subdivision of the terminal sacs into alveoli (90, 
91). Accumulation of myofibroblasts occurs during lung fibrosis 
(92) and myofibroblast population reappear after partial
pneumonectomy (93).

• Endothelial cells: these are the cells that line the inner wall of blood
and lymphatic vessels. It has been shown that endothelial cells are
involved in branching of the airways during embryogenesis, as
inhibition of endothelial VEGF signaling in vivo resulted in fewer
airway branches (94).

• Pericytes: these cells are associated with endothelial cells and
regulate vascular permeability and stability (21, 95). In bleomycin-
induced fibrosis studies it was suggested that pericytes contribute
to the myofibroblast populations in fibrotic areas (96, 97).

How the different cell types originate in the lung and which signaling 
pathways regulate its development are questions that have been studied for 
many years. Such knowledge is important for understanding lung diseases 
since several of them are associated with developmental arrest due to 
premature birth, genetic mutations or intrauterine infections. 

CapillaryFigure 5. Schematic representation of the different cell types in the adult lung.
Bronchi and bronchioles epithelium is composed by ciliated, secretory and
neuroendocrine cells, surrounded by smooth muscle cells and fibroblasts. The alveoli 
are composed by alveolar epithelial type I cells (AEC1s) that occupy most of the 
alveolar surface and alveolar type II cells (AEC2s), responsible for surfactant 
production. The alveoli are surrounded by capillaries, fibroblasts, myofibroblasts and
pericytes. Alveolar macrophages are present inside the alveoli, separated from the
alveolar wall. 
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Lung development 
The development of the human and murine lungs begins during the early 

embryonic (E) period (week 4 and E9.5, respectively) and it is only completed 
postnatally (postnatal day [P]30 in mice and 5-8 years in humans). Lung 
development is divided into five stages: embryonic, pseudoglandular, 
canalicular, saccular and alveolar (Figure 6). The events that occur at each 
stage have been extensively studied in mice (98, 99). 

E9.5 E12.5

Wk 4 Wk 6 Wk 17 Wk 25

E16.5 E17.5 P5 P30

Wk 36 5-8 Yrs

Embryonic
Pseudoglandular

Canalicular
Saccular

Alveolar

 

Figure 6. Lung developmental stages and timeline for humans and mice. E: 
Embryonic; P: Postnatal; Wk: week; Yrs: years. 

Embryonic stage (4-6 weeks in human; E9.5-E12.5 in mice) 
The development of the lung starts with the ventral expression of the 
transcription factor Nkx2.1 in the endoderm derived from the anterior foregut. 
The two primordial lung buds appear at this time as the foregut tube divides 
into two, creating the esophagus and the trachea. At this initial stage, the lung 
buds grow caudally through the invasion of the mesoderm by the endoderm. 
This requires the crosstalk between endoderm/mesoderm to coordinate 
positioning and migration of cells. Many signaling pathways are important for 
the formation of the primordial lung buds, such as Fgf10, Fgfr2b, Wnt2/2b, 
Gli2/Gli3, and BMP as their disruption results in the complete absence of 
lungs (100-104). 

Pseudoglandular stage (Week 6-17, human; E12.5-E16.5, mouse)  
After the initial lung buds are formed, they start divide into branches. It is at 
this stage that the lungs acquire their tree-like structure by a process named 
branching morphogenesis. The branching is a highly regulated stereotypical 
process in which lung buds go through a repetitive series of events consisting 
of elongation, tip expansion and bifurcation in either planar or orthogonal way 
(105). During this stage, the lung endoderm starts to acquire distinct proximal 
and distal identities. The proximal endoderm progenitors express Sox2 and 
will give rise to neuroendocrine, secretory and ciliated cells, while the distal 
endoderm progenitors express Sox9 and Id2 and will give rise to AEC1s and 
AEC2s (99, 106-109). 
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Canalicular stage (Week 17-25, human; E16.5-E17.5, mouse)  
During the canalicular stage, as the same time the branching continues, distal 
tubes dilate and form the terminal sacs that will give rise to the alveoli later 
on (106). At this stage, the distal epithelium is composed by one type of 
bipotent cells that express markers of both AEC1s and AEC2s (84, 110). In 
the proximal region, the epithelium starts to differentiate into  neuroendocrine, 
ciliated and secretory cells (111, 112). The lung vasculature is detected in 
earlier developmental stages, but it is during the canalicular stage that the 
number of capillaries increases dramatically. It is also at this stage that the 
blood vessel expression of arterial/venous markers is first detected (113, 114). 

Saccular stage (Week 26-36, human; E17.5-P5, mouse)  
In mice this stage occurs before and after birth and therefore the lung has to 
be ready to support air exchange. The mesenchyme becomes thinner and the 
terminal saccules increase in number and size. The endothelial plexus gets 
closer to the saccules and the primary septa are formed. Moreover, the 
differentiation of epithelium in the developing saccules is more accentuated. 
AEC1s become flatten elongated cells, with a thin wall associated with the 
capillaries in the primary septa and AEC2 assume their cuboidal morphology 
and can already produce surfactant.  

Alveolar stage (Week 36-5 or 8 years, human; P5-P30, mouse)  
This is the last and the longest stage of the lung development. The saccules 
formed in the previous stage are able to perform blood-gas exchange but, as 
the body grows, there is an increasing demand for oxygen. In order to increase 
the surface area for the gas exchange, the terminal sacs need to be further 
divided. For that, the saccular wall undergoes a secondary septation, and the 
sacs are further divided into alveoli. This is achieved by the formation of septal 
ridges that are composed by myofibroblasts that express α-SMA and form a 
fishnet-like structure surrounding the saccules. This network formed by the 
myofibroblast constricts the expansion of the ridges, while the parts of the 
saccule which are not constricted bulge and form the alveolus. The process of 
alveogenesis is dependent on epithelial-mesenchymal interactions and an 
array of signaling pathways have been shown to regulate this step of lung 
development (115). 

Mechanisms of injury and stem/progenitor cells in the 
lung  
In homeostasis, the adult lung has low levels of cell proliferation and 
regeneration, but upon injury it has the capacity to rapidly respond and 
regenerate. Pulmonary diseases arise when the repair and regeneration 
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pathways fail to proper repopulate the injured areas, resulting in abnormal 
remodeling. COPD and lung fibrosis are examples of injuries where the proper 
repair signaling has failed. In the recent years, there has been an increasing 
interest in studying the repair mechanisms of the lung since it can provide 
information for therapy development and improve disease prognosis. 

The model of lung injury can be divided into several steps and these are 
illustrated in figure 7. Various types of injuries can cause damage to the lung 
epithelium. Dying or stressed cells produce signals that activates progenitor 
cells to proliferate and/or transdifferentiate, regenerate and repopulate the 
epithelium. Failure in reepithelization can lead to defective remodeling, such 
as scar tissue formation (in case of fibrosis), apoptosis and necrosis, resulting 
in pathological conditions. 

 

Figure 7. Model of epithelial lung injury and repair. Many types of injury can damage 
the lung epithelium. As a result, epithelial cells get stressed and release signals that 
can induce inflammatory responses. Continuous cell stress can lead to apoptosis and 
reduced number of epithelial cells. To restore the epithelium, reepithelialization 
occurs through the proliferation/transdifferentiation of resident progenitor/stem cells. 
When the repair mechanisms fail, remodeling is initiated leading to disease.   
 

In the adult lung stem/progenitor cell populations are present in the 
different regions of the airway epithelium that contribute to the repair and 
regeneration of the lung.  

In the trachea and bronchi, basal stem cells (BSCs) are able to rapidly 
regenerate the secretory and ciliated cells populations after lung injury (116). 
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In addition, in vitro analysis has shown that after influenza infection, BSCs 
were able to differentiate into alveolar epithelial cell types (117).  

In the bronchiolar region of the lung, several cell types have been shown to 
maintain the capacity to self-renew and give rise to other cell types after injury 
(118). One example is the Secretoglobin1a1-positive (Scgb1a1+) club cells 
that are capable of self-renewal and give rise to ciliated cells in the steady state 
over a long period of time. (74). However, after naphthalene-induced lung 
injury this cell population is depleted and regenerated by another 
subpopulation of club cells resistant to this type of injury and located in close 
proximity to NE cells (78, 119-121). One population of cells that are located 
in the bronchioalveolar duct junction (BADJ) has been described as potential 
stem cells. These cells, so-called bronchioalveolar stem cells (BASCs), 
express both Scgb1a1 and surfactant protein C (Spc) and can proliferate after 
naphthalene injury (121). BASCs have been shown to have the capacity to 
differentiate in vitro (122) but this has not yet been observed in vivo.  

Progenitor/stem cells are also present in the alveolar region. Early studies 
demonstrated that AEC2s can differentiate into AEC1s after nitrogen dioxide 
(NO2) exposure (123). More recently, lineage tracing studies have shown the 
capacity of AEC2s to differentiate into AEC1s during homeostasis (82, 84) 
and have also confirmed their stem cell capacity through bleomycin, 
hyperoxia and diphtheria-induced lung injuries (82-84). There is evidence that 
only a small percentage of AEC2s have stem cells capacity after hyperoxia-
induced lung injury (84) and recently another sub population was identified as 
Wnt-responsive alveolar epithelial progenitor (AEP) cells to be able to 
regenerate both AEC2s and AEC1s after influenza virus lung injury (124). 
Furthermore in the alveoli, AEC1s which had been for a long time considered 
terminally differentiated, have been shown to differentiate into AEC2s after 
partial pneumonectomy (81). 

Mesenchymal progenitor cells in the lung are still poorly understood. 
Several distinct niches of mesenchymal progenitors have been identified 
during embryonic development through linage traces studies (125) but it is not 
clear whether these niches are maintained in adulthood.  
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PDGFs and lung 

PDGF signaling involvement in lung development was first observed through 
the analysis of lungs from Pdgfa-/- mice. As abovementioned, the few Pdgfa-/- 
mice that survived after birth showed lung developmental defects (52). The 
lungs of these mice had enlarged alveoli that lacked secondary septation, 
caused by the absence of PDGFRα-positive myofibroblasts and deficient 
elastin deposition (26). Later on, the study of embryonic development in 
PDGFRα null lungs revealed a growth retardation that did not affect 
branching morphogenesis (27). On the other hand, overexpression of either 
PDGF-A or PDGF-C under the Spc promoter resulted in developmental arrest 
at the canalicular phase and mesenchymal hyperplasia (126, 127). Taken 
together these findings demonstrated that correct dose and timing of 
expression of PDGFRα and its ligands were essential for normal lung 
development. 

PDGFs are involved in several lung pathologies such as bronchopulmonary 
dysplasia (BPD), pulmonary fibrosis, pulmonary arterial hypertension (PAH) 
and lung cancer.  

BPD is a common chronic respiratory disorder in premature babies, 
characterized by impaired alveolarization and microvasculature development. 
Premature babies that develop BPD are more susceptible to pulmonary disease 
in the early years of life and have poorer lung function in adulthood (128). 
Mesenchymal cells isolated from tracheal aspirates of BPD infant patients 
showed decreased expression of PDGFRα and PDGFRβ (129). 

Pulmonary fibrosis is characterized by the excessive accumulation of ECM, 
tissue remodeling and over proliferation of mesenchymal cells. This results in 
an increase in tissue stiffness, less compliance of the lung and decreased gas-
exchange capacity. Both PDGF-A and PDGF-B expression is increased in 
several human and animal models of lung fibrosis (130, 131). PDGF-C 
expression is also increased in the bleomycin-induced lung fibrosis model 
(132).  

PAH is caused by the narrowing, obstruction or destruction of pulmonary 
arterioles and capillaries. PAH symptoms lead to high blood pressure and, 
consequently, thickening of the heart’s right ventricle wall. Pulmonary 
arterioles from PAH patients show increased mRNA levels of PDGF-A, 
PDGF-B, PDGFRα and PDGFRβ (133).  

Abnormal PDGF signaling, overexpression of either the receptors or the 
ligands and point mutations in PDGFR genes have been associated with 
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several types of cancer (134, 135). In non-small cell lung cancer (NSCLC) a 
higher expression of PDGF-A, PDGF-B, PDGFRα and PDGFRβ was 
detected in a cohort of 335 tumor samples (136, 137). 

These previous studies indicate that PDGF signaling participate in many 
lung diseases and consequently targeting PDGF signaling for therapeutic 
purposes has been evaluated in recent years. Several drugs that target RTKs 
activity are now in clinical trials (138, 139) and therefore more detailed 
knowledge about PDGFR/PDGF signaling can provide useful information for 
therapeutic advances. 
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Methods 

Mouse models 
Model organisms are often used to study development since there is a 

certain level of conservation in its mechanisms across the animal kingdom. 
Mus musculus, the house mice, is one of the most common experimental 
organisms used to understand human biology and disease (140), due to the 
high genomic homology between humans and mice (141). Additionally, other 
physiological advantages such as the small size, high breeding rates and easy 
genetic manipulation make mice a very advantageous model organism. 
Nevertheless, it is important to keep in mind that both species are very 
different in many aspects as they diverged more than 85 million years ago 
(142).  
The work included in this thesis is based on experimental work using the 
following transgenic mouse models: 

• Pdgfatm1Cbet (Pdgfa global knockout): These mice contain a targeted 
mutation in the Pdgfa gene. The exon 4, which encodes the N-
terminal portion of the mature protein, was replaced by a neomycin 
cassette, creating a null allele. Very few homozygous mice survive, 
while the heterozygous mice are fertile and apparently healthy (52). 
Heterozygous mice (Pdgfa+/-) were used in paper III and IV in the 
breeding strategy employed to ensure that at least one allele of 
Pdgfa is null while the other allele is inactivated upon Cre 
recombinase activity. 
 

• Pdgfatm1Vlcg (Pdgfa conditional knockout): The Pdgfa gene of these 
mice was modified by inserting a cassette containing the inverted 
lacZ gene flanked by lox sequences into its exon 4. This cassette is 
inverted and inactive, but in the presence of Cre recombinase it is 
flipped, activating the lacZ gene and inactivating Pdgfa (143). 
Generation and characterization of these mice (Pdgfafl/fl) were done 
in paper I. Afterwards, these were used in paper III and IV to 
generate the lung-specific Pdgfa knockouts. 
 

• Pdgfaex4-COIN-INV-lacZ (PdgfaLacZ): These were generated from the mice 
described above. However, the lacZ gene was irreversibly inverted 
thus the lacZ is always activated. This results in a truncated form of 
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Pdgfa. No homozygous mice survives after birth, therefore only 
heterozygous were used (143). These mice were used in this thesis 
to examine the expression patterns of Pdgfa in several organs 
(paper I) and in the different stages of lung development (paper II). 
 

• Pdgfctm1Nagy (Pdgfc global knockout): These mice contain a targeted 
mutation on the Pdgfc gene, where a cassette containing lacZ was 
inserted into the exon 2 of the Pdgfc (31). Heterozygous mice 
(PdgfclacZ/+) were used in paper II to examine the expression 
patterns of Pdgfc during the different stages of lung development. 
 

• Pdgfratm11(EGFP)Sor (Pdgfra GFP reporter mice): A H2B:GFP fusion 
protein was inserted into the Pdgfra endogenous locus in these 
mice. Therefore, nuclear GFP expression is detected in cells that 
express PDGFRα (58). Homozygosity is embryonic lethal so we 
used only heterozygous mice (PdgfraGFP/+). In papers II, III and IV 
these mice were used to analyze the expression patterns of 
PDGFRα during lung development (paper II) and the effect of 
Pdgfa deletion in PDGFRα positive cells (papers III and IV). 
 

• Sftpc-cretm1Blh: Surfactant protein C (Spc) is expressed in the lung 
endoderm and in these mice the cre recombinase expression is 
controlled by the Spc promoter (144). This means that cells that 
express Spc also express Cre recombinase, a type I topoisomerase 
that is responsible for sequence specific DNA recombination. It 
recognizes lox sequences and can be used to activate, repress, delete 
or insert genes. In this work it was used to generate the lung-specific 
deletion of Pdgfa in both paper III and IV. 
 

• Sftpctm1(cre/ERT2)Blh: These mice also express cre recombinase under 
the control of the Spc promoter (83). However, the enzyme in these 
mice is a modified version of the cre recombinase where hormone 
binding domains of the estrogen receptor were fused to the enzyme. 
In this case, cre is inactive and can be activated by tamoxifen, a 
synthetic estrogen receptor ligand (145). This allows to control the 
time of induction of the deletion. We used these mice to delete 
Pdgfa postnatally in papers III and IV. 

Systemic perfusion  
Fixation is used to preserve biological samples from decaying and to keep the 
tissues and cells intact for histological analysis. In paper I, systemic perfusion 
of mice with formaldehyde was performed to ensure the fixation of most 
organs in the body. First HBSS was injected through the left ventricle of the 
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heart, while an incision was made in the right atrium. This is required in order 
to prevent blood clot formation that may result in inefficient fixation of the 
tissue. Afterwards 4% formaldehyde was injected through the same needle 
and organs were dissected for further fixation through immersion. 

Lung perfusion and inflation 
To perfuse the lung effectively it is necessary to use the pulmonary circulation 
rather than systemic circulation. Additionally, it is necessary to inflate the 
lungs with fixative in order to maintain a good morphology and avoid the 
collapse of the alveolar walls. In this work a modified version of the protocol 
published by Arlt, et al (146) was employed to perfuse and inflate the lungs. 
After the mouse was anesthetized and no reflexes were observed, the skin, 
peritoneum and thorax cavity were open avoiding rupture of blood vessels. 
Afterwards, the vena cava caudalis was cut under the liver to allow the blood 
to drain out. Using a gravity perfusion system, 5-20 ml of PBS (according to 
the mouse age and size) were injected into the right ventricle of the heart until 
the lungs were completely white and the heart was no longer beating 
(asystole). Next, the blood vessels above the liver and diaphragm were 
pinched (to keep the fixative solution in the pulmonary circulation only). In 
case tissue was required for RNA extraction, an ethilon filament was tied 
around the conducting airway of the lung lobe that was removed for RNA 
extraction. Then 4% formaldehyde was injected to the heart’s right ventricle, 
followed by the injection of 4% formaldehyde through the trachea. The 
trachea was tied off and after 10 minutes the lungs were carefully dissected 
out together with the heart and immersion-fixed in 4% formaldehyde for a 
longer period (20-180 minutes). 

X-gal Staining 
When using transgenic mouse lines that contain the bacterial gene lacZ 
coupled to the gene of interest, it is possible to use histochemical methods to 
detected the expression of that gene at the single cell resolution. The lacZ gene 
encodes for an enzyme called β-galactosidase that hydrolyzes β-galactosides. 
X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) is an organic 
compound that is cleaved by β-galactosidase, forming galactose and 5-bromo-
4-chloro-3-hydroxyindole. The latter, upon oxidation, becomes 5.5’-dibromo-
4.4’dichloro-indigo which exhibits a strong blue color (147). In this work, the 
x-gal staining technique was used to detect the expression of PDGF-A (papers 
I-IV) and PDGF-C (paper II) on the transgenic mouse models described 
previously. 
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Tissue sample preparation 
After collecting the tissues, it is necessary to further process them before they 
are sectioned. Three different methods for tissue sectioning (Paraffin, cryo and 
vibratome) were used. Each of them required a different processing strategy 
of the samples:  

• Paraffin sections: samples were dehydrated in a series of ethanols 
and xylene prior being embedded in paraffin blocks, owing to 
paraffin’s hydrophobicity. Samples were cut with a microtome into 
thin sections (5-10 μm). This technique often results in good 
histological morphology of the tissues that can be further used for 
counter-stains (hematoxylin/eosin and nuclear fast red) or 
immunohistochemistry. 

• Cryosections: These were mostly used for immunofluorescence, as 
they required less tissue processing (that may mask the antibodies’ 
epitopes) than paraffin embedding. However, the quality of the 
sections is considerably lower than in paraffin sections in terms of 
morphology (148). Samples were dehydrated in 30% sucrose (to 
avoid ice crystals to form) prior to embedding in Optimal cutting 
temperature (OCT) medium. Samples were sectioned with a 
cryostat at negative temperatures and usually cut into thicker 
sections (10-20 μm). 

• Vibratome sections: This method was used to obtain even thicker 
sections of the samples (50-150 μm). To cut thick sections of the 
lungs, it was necessary to modify the method of inflation of the 
lung, as the vibration of the blade together with the properties of the 
tissue resulted in poor quality sections. Therefore, lungs for 
vibratome sections were inflated with 2% low-melting agarose at 
40°C (instead of 4% formaldehyde), that after solidifying gave the 
tissue enough sturdiness for high quality sectioning. 

RNA extraction and quantitative PCR 
Quantitative polymerase chain reaction (qPCR) consists in the amplification 
and detection of targeted DNA sequences. It is based on the use of probes that 
bind to a specific DNA sequence, so that when the sequence is amplified, 
fluorescence is emitted. The fluorescence can be detected by a thermal cycler 
equipped with an illuminator and detector. This technique was used in papers 
I to IV to compare the expression level of several genes between samples. The 
results obtained were analyzed using a relative quantification method - 
comparative Ct method (149) - that is based on the calculation of how much 
(fold-change) the expression of a target gene is changed in a sample, when 
compared to a control.  
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Histology and immunofluorescence (IF) 
Much of the analysis performed in this work was based on histological 
examination of tissue samples. In paper I and II, histological analysis allowed 
us to explore the cell anatomy of different organs and appreciate the 
expression patterns of PDGF-A. In paper III and IV, histological comparisons 
were made to detect anomalies in lung tissues from Pdgfa knockout lungs. 
Tissues were stained either with hematoxylin and eosin (to visualize both 
nuclei and cytoplasm) or nuclear fast red (to visualize just the nuclei).  

IF was used in papers I-IV to detect the presence and pattern of expression 
of different proteins in tissue sections. This technique is based on the binding 
of antibodies to specific antigens in the tissue. Monoclonal or polyclonal 
antibodies are used as primary antibodies that bind to the target protein in the 
tissue sample. Afterwards, secondary antibodies containing a fluorophore 
bind to the primary antibody. A fluorescence microscope is then used to 
visualize the distribution patterns of the target protein in the sample. 

Microscopy 
Microscopy represents a major part of the work included in this thesis. To 
document and analyze histological sections, bright-field microscopy was 
used. This is the simplest type of microscopy and it works by illuminating the 
sample with a white light, usually from a halogen lamp. The image is then 
captured by a chromatic camera that catch all the transmitted light that passes 
from the lamp, through the sample. Bright-field microscopy is useful due to 
its simplicity but it allows only to image thin sections because in thick sections 
the light cannot pass well through the sample, resulting in strong shadowing 
and low quality of the image. 

Fluorescence micrographs in this work were obtained through laser 
scanning confocal microscopy (LSCM). In LSCM the sample is illuminated 
by a point-by-point laser at specific wavelengths, exciting the fluorophores 
present in the sample. The fluorophore’s emitted light is captured by the 
microscope and directed to the detector that amplifies its electrical signal. This 
signal is then converted from analogue to digital and the resulting image 
displayed in the computer. The major feature of LSCM is the use of a pinhole 
that excludes all the out of focus light from the sample, which means that the 
signal that reaches the detector comes from a single focal plane. This allows 
for high-resolution images as well as 3D reconstruction of multiple optical 
sections in the z-axis.  

Image analysis  
In biological research it is necessary to perform measurements in order to 

support empirical observations with mathematical and statistical analysis. In 



 34 

this thesis, several methods were used to quantitatively analyze microscopic 
images. 

• Mean linear intercept (MLI): MLI is used to measure the size of 
distal airspaces in lung sections. In this work it was calculated using 
the direct method (150), in which random horizontal lines were 
overlaid on a sample image and the interception points between the 
distal airspace’s walls and the lines were counted (blood vessel and 
conducting airways were excluded). This method presents several 
limitations, i.e., the obtained values depend on the inflation state of 
the lung and it cannot be used to measure only alveoli area, as both 
alveoli and alveolar ducts are quantified. However, it is a simple 
and efficient way to quantify enlargement of the distal airspaces. In 
paper III and IV, the MLI was used to quantify the enlargement of 
the distal airspaces observed in mutant mice. 
 

• Cell quantification: During this work it was necessary to quantify 
the number of cells expressing PGDFRα (papers II-IV), the number 
of proliferative cells (papers III and IV), the total number of cells 
per field image (papers III and IV) and cells expressing Spc (paper 
III). For these quantifications, at least ten images from each sample 
were obtained through confocal microscopy and analyzed using the 
software Imaris. Imaris calculates the number of nuclei in an image 
by combining thresholding the pixel intensity and a given expected 
diameter of the nuclei. When the staining analyzed was not nuclear, 
the quantification was performed by counting the number of 
positively-stained cells manually using ImageJ. 
 

• Alpha smooth muscle actin (α-SMA) ring dimensions: in paper III 
the volume and diameter of α-SMA rings in the distal area of the 
lung were measured in 3D reconstructed images of confocal optical 
sections. Single complete rings of α-SMA were isolated in each 
image and the voxels (pixel + volume) transformed into surfaces 
using the same threshold method and value between samples. The 
volume and diameter of the rings were than calculated and 
compared between samples. 
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Present investigations 

Paper I. 

Characterization of platelet-derived growth factor-A expression in 
mouse tissues using a lacZ knock-In approach 
PDGF-A is expressed in a broad range of tissues in mice, both during 
development and adulthood. Several studies on the expression patterns of 
Pdgfa upon its discovery revealed a variety of roles in developmental 
processes. However, adult expression patterns and possible roles were not 
described due to high perinatal mortality of Pdgfa knockout mice. Moreover, 
the used methods to detect both gene and protein expression presented several 
limitations and lack of validation. 

In paper I we reported the generation and characterization of a Pdgfa trans-
genic mouse line (Pdgfatm1Vlcg), created to curb the detection limitations of 
older techniques. A cassette containing the lacZ gene was inserted in the exon 
4 of Pdgfa using the conditional by inversion method (151). Thus, in the 
presence of Cre recombinase the Pdgfa gene is knocked out while the LacZ 
gene is activated (Pdgfaex4COIN-INV-LacZ) and regulated by Pdgfa endogenous 
elements.  

We assessed the functionality of Pdgfatm1Vlcg and detected neither 
phenotypes connected to Pdgfa deficiency nor viability problems. The 
recombined mice (Pdgfaex4COIN-INV-LacZ) were only viable as heterozygous, as 
expected. 

Using qPCR analysis, we were able to prove that in heterozygous mice 
(Pdgfaex4COIN-INV-LacZ/+) LacZ and Pdgfa gene expression correlated well in 
different organs. Through x-gal staining of Pdgfaex4COIN-INV-LacZ/+ embryos we 
were able to confirm previously reported expression patterns of PDGF-A in 
several organs. In adult tissues we found large and wide expression of Pdgfa 
mainly in epithelial, neuronal and muscular cell types.  

Our analysis suggested that Pdgfaex4COIN-INV-LacZ is a reliable Pdgfa reporter 
mouse which has the potential to disclose the importance of PDGF-A in 
different tissues and time points. 
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Paper II 

Expression analysis of platelet-derived growth factor receptor alpha and 
its ligands in the developing mouse lung 
Several studies have been analyzing the expression patterns of PDGFRα in 
the lung. However little attention has been dedicated to the ligands, PDGF-A 
and -C, and their expression patterns in the developing and adult lungs. In 
paper II we took advantage of the reporter mouse described in paper I and 
together with two other reporter mice, PdgfraH2B:GFP and PdgfcLacZ, we mapped 
the expression pattern of PDGFRα and its ligands in all the different stages of 
the lung development. 

Lungs were dissected from PdgfaLacZ, PdgfcLacZ and PdgfraH2B:GFP mice at 
10 different time points and the expression patterns were studied in lung 
sections using light microscopy and the gene expression was analyzed in lung 
homogenates by qPCR. 

Receptor and ligands were expressed at all the different time points. Some 
of the observed patterns were in accordance with previous reports but we also 
found novel unreported patterns, both during development and adulthood. We 
found expression of both ligands in epithelial and SMCs, but their patterns 
differed on the level and time point of expression. PDGF-C was mostly found 
on airway SMCs, showing high expression during early embryonic time 
points. Additionally, its expression was weakly found in epithelial cells at 
postnatal time points. On the other hand, PDGF-A was mainly expressed by 
epithelial cells and transiently expressed by aSMCs during specific embryonic 
time points. 

PDGFRα expression was confined to mesenchymal cells and its expression 
was widely distributed during embryonic time points, while in the postnatal 
time points expression was observed in specific cell types, namely 
myofibroblasts and lipofibroblasts. 

With this study we were able to create a more descriptive model of the 
expression patterns of PDGFRα and its ligands during lung development. 
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Paper III 

PDGF-A signaling is required for secondary alveolar septation and 
controls epithelial proliferation in the developing lung 
In the initial study of the lung in full PDGF-A knockout mice several 
hypotheses were generated for the specific role of PDGF-A for alveolar 
formation. These hypotheses were never formally tested and the low birth rate 
of Pdgfa-/- mice posed as an obstacle to further investigate them. Therefore, in 
paper III we generated a lung-specific knockout of Pdgfa, using an epithelial 
specific Cre transgenic mouse (Spc-cre) and better characterized the lung 
phenotype caused by Pdgfa deletion. Mutant lungs (Pdgfafl/-; Spc-cre) were 
compared to controls before, during and after the peak of the alveogenesis at 
histological and gene expression levels. We observed a decrease in Pdgfa and 
Pdgfra expression, together with a significant enlargement of the alveolar 
airspace area in mutant lungs, which was only detected after the onset of 
alveogenesis. The observed phenotype was not caused by an effect of 
embryonic deletion of Pdgfa as we observed the same phenotype when the 
deletion was induced after birth. 

The expression of PDGFRα in Pdgfafl/-; Spc-cre mice was studied using the 
PDGFRα reporter mice (PdgfraH2B:GFP). Image analysis revealed a significant 
decrease in the number PDGFRα-positive cells in Pdgfafl/-; Spc-cre; PdgfraGFP 
lungs, compared to controls. Myofibroblasts were detected in both mutant and 
control lungs, but the small α-SMA rings that surround the forming alveoli 
were only detected in control lungs. Additionally, PDGFRα positive cells 
showed also a decreased expression of the lipofibroblast marker perilipin 
(ADFP), indicating that several fibroblast populations were affected in 
Pdgfafl/-; Spc-cre; PdgfraGFP mice. 

Analysis of the proliferation marker Ki-67 in lungs at P7 showed a 
significant decrease in the proliferation of PDGFRα-positive cells, whereas a 
significant increase was observed in the proliferation Spc-positive cells. 
Moreover, gene expression of Hbegf and Kras was increased in Pdgfafl/-; Spc-
cre mice. 

Taken together, our results demonstrate that myofibroblast differentiation 
is not dependent on PDGF-A, but rather their capacity to assume the proper 
position around the forming alveoli and constrict epithelial growth. 
Furthermore, our results suggest that the alveolar defects in Pdgfafl/-; Spc-cre 
mice may also be caused by an overgrowth of the alveolar epithelium, as the 
number and proliferation of AEC2s were increased in the absence of PDGF-
A expression. 
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Paper IV 

Exploring the effect of PDGF-A deletion in the adult lung: implications 
in homeostasis and injury 
In both paper I and II we showed evidence for PDGF-A expression in the adult 
lung in the airway epithelia and AEC2s. Due to the high mortality associated 
with global Pdgfa deletion, a possible role for PDGF-A in the adult lung has 
never been examined. Therefore, in paper IV we investigated the role of 
PDGF-A in the adult lung. 

First, we analyzed adult mice with a constitutive lung-specific deletion of 
Pdgfa (Pdgfafl/-; Spc-cre). Mutant mice survived until adulthood and exhibited 
enlarged alveolar airspaces, less PDGFRα-positive cells and a significant 
decrease in the total number of proliferative cells. Histological analysis of 
Pdgfafl/-; Spc-cre lungs at both P60 and P360 showed that enlargement of the 
alveolar airspaces did not increase with age, demonstrating a stabilization of 
the phenotype. 

Next, we investigated the effect of Pdgfa deletion during adult homeostasis. 
For that, an inducible lung-specific knockout of Pdgfa was generated using 
the Spc-creERT2 mice. Tamoxifen was administered to mutant and control mice 
at two different time points (P30 and P60) and analysis was performed one 
week and 1 month after induction. In both time points of analysis, Pdgfafl/-; 
Spc-creERT2 mice showed no apparent phenotype in the lung, as lungs were 
histologically indistinguishable from controls. Therefore, we concluded that 
PDGF-A is not required during lung homeostasis. 

As PDGF-A is expressed by AEC2s and these are involved in the alveolar 
injury repair response, we hypothesize that PDGF-A signaling may have a role 
in injury repair mechanisms. To test this hypothesis, a hyperoxia-induced 
injury model was used. Control and mutant mice were given tamoxifen and 
exposed to 95% oxygen (O2) for 72h and compared to tamoxifen-treated mice 
of the same genotypes kept at normoxia. Preliminary results showed alveolar 
damage in both control and mutant lungs exposed to hyperoxia, when 
compared to normoxia controls. Histological analysis of lung sections showed 
a more accentuated area of damage in Pdgfafl/-; Spc-creERT2 mice exposed to 
hyperoxia, when compared to hyperoxia-exposed controls. These results point 
towards an effect of PDGF-A in the lung’s reaction to injury. 
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Future Perspectives 

It has been many years since the discovery of PDGFs and a great amount of 
valuable research has contributed to expand the knowledge regarding their 
biochemistry and function during development. It has been also demonstrated 
that PDGFs are involved in certain diseases such as fibrosis (152), cancer 
(153, 154) and atherosclerosis (155). Moreover, in the last years, targeting 
PDGFR signaling for cancer therapy through RTK inhibitors, such as 
imatinib, has shown promising results (156, 157). Therefore, it is crucial to 
have a detailed understanding about PDGF signaling and there are still a lot 
to explore in their roles in development, adult homeostasis and disease. The 
work presented in this thesis sheds new light on PDGFRα signaling in the 
lung and opens new windows for further investigation. 

The mouse model characterized in paper I is a powerful tool to elucidate 
PDGF-A expression patterns and functions during development and 
adulthood. This mouse model was crucial to the following work presented in 
this thesis (papers II-IV), as it allowed us to analyze in greater detail the role 
of PDGF-A in the lung. All other developmental abnormalities observed in 
PDGF-A null mice can now be explored using this mouse model and organ-
specific Cre recombinases. For example, this mouse model has been recently 
used to explore the role of PDGF-A in skin adipocyte self-renewal (158). But 
there are still a lot to discover on the role of PDGF-A in other tissues, for 
instance, intestinal villi formation and oligodendrogenesis in the brain.  

In paper II, the newly discovered patterns of expression of PDGF-A/PDGF-
C in the lung opened some questions that remain to be answered. PDGF-C is 
highly expressed in the lung mesenchyme in the early lung development, but 
it is not known if PDGF-C is necessary for early embryonic lung formation. 
The fact that PDGF-C mutant mice exhibit an enlargement of the airspaces 
points to a role for this ligand for lung development (33), but since the 
phenotype of PDGF-A mutants is much stronger, little attention has been 
given to the role of PDGF-C. It would be interesting to understand if PDGF-
C null mice lung phenotype is only apparent after the alveolar stage has started 
(as it is the case in PDGF-A null mice) or if it manifests earlier during 
development.  

PDGF-A expression in the lung was detected in other cell types, besides 
AEC2s. We observed high PDGF-A expression in airway epithelial cells both 
during development and in the adult lung (paper II). There may be a role for 
PDGF-A in airway epithelial cells in the adult and this could be explored by 
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deleting PDGF-A using, for example, Scgb1a1-CreERT mice (74). 
Furthermore, the analysis of the vascular transcriptome of the adult lung (159) 
revealed that pericytes also express PDGF-A. PDGF-B signaling is known to 
be important for pericyte recruitment during blood vessel formation (21, 34), 
but it is still unknown if PDGF-A is required for pericyte biology. This could 
be explored by pericyte-specific deletion of PDGF-A. 

Generation of the lung-specific knockout of Pdgfa in paper III allowed us 
to have a broader picture on the effects that PDGF-A exert in the lung during 
alveolar formation. We show that myofibroblast differentiation occurs in 
mutant lungs but these cells fail to occupy proper position and assemble α-
SMA multicellular rings that surround the expanding alveolar epithelium. It is 
still unclear, however, if the lack of ring formation in mutant lungs is caused 
by inability of cell-to-cell contact between the myofibroblast, by deficient 
migration of the myofibroblasts to the correct position or because these cells 
are not able to withstand the tension force caused by the expansion of the 
alveoli. In vivo imaging of the alveogenesis process could help answer this 
question, but there are still technical challenges regarding live imaging of 
lungs.  

In this study we used PdgfraH2B:GFP mice to evaluate the effect of Pdgfa 
deletion on PDGFRα positive cells in the lung. This mouse model is very 
useful due to the high GFP expression that PDGFRα positive cells show. 
However, the expression is restricted to the nuclei as GFP is coupled to the 
histone 2B protein and does not allow the visualization of cell body 
morphology. In addition, it is not possible to appreciate how many cells form 
the α-SMA rings surrounding both alveolar ducts and alveoli. The generation 
of another PDGFRα reporter mouse that would enable the detection of the 
receptor at the cell membrane and therefore show the cell shape could be 
useful to further study the myofibroblasts and their morphology during 
alveogenesis.  

In paper III we showed a decrease in the total number of PDGFRα-positive 
cells in the alveolar region of Pdgfafl/-; Spc-cre lungs. Different fibroblasts in 
the lung express PDGFRα and it is still unclear how many different 
populations exist and which are affected by Pdgfa deletion. Single-cell RNA 
sequencing of PDGFRα positive cells in both control and knockout lungs 
could be used to understand how many different populations of PDGFRα 
positive fibroblasts exist in the control lung and understand if all or only 
certain populations are affected by Pdgfa deletion in mutant lungs. 

Recent studies show that only a small percentage of the AEC2s have stem 
cell capacity (84, 124) and it has been hypothesized that these can suppress 
the nearby AEC2s to also assume stem cell characteristics. We discovered that 
in the Pdgfafl/-; Spc-cre lungs AEC2s were more proliferative than in controls 
and perhaps this is due to the loss of this neighboring repression between stem 
cell and non-stem cell AEC2s. More studies are needed to address this 
hypothesis. In addition, it is unclear how PDGF-A controls AEC2s 
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proliferation. Autocrine effects are unlikely since there is no evidence for the 
expression of PDGFRs in AEC2s. Since PDGFRα is expressed in the recently 
described mesenchymal alveolar niche cell (MANC) that closely interacts 
with AEC2s, it is likely that it is through the interaction of these two cells that 
PDGF-A indirectly affects AEC2s proliferation. Analysis of the secretome 
and receptome between these two cell types has been described (87) and 
would be interesting to compare it with the secretome/receptome of Pdgfa-
deficient lungs. 

Pdgfafl/-; Spc-cre mice survive until adulthood but the alveolar 
simplification in their lungs led us to hypothesize that lung physiological 
conditions may be altered. Through a collaboration with Prof. Norbert 
Weissmann in the Excellence Cluster for Cardio-Pulmonary System at the 
University of Giessen we are starting to measure physiological properties of 
the lung, such as airway compliance, tidal volume and airway resistance. 

In this work we only touched the surface of PDGF-A’s importance for 
injury repair mechanisms of the lung. Preliminary but promising results in 
paper IV point to a more extensive injury in the absence of PDGF-A signaling 
in mice exposed to hyperoxia. More work needs to be done, especially since 
the analysis of the mice was done a few days after the end of the exposure to 
hyperoxia. A longer period between hyperoxia exposure and analysis will be 
more significant to understand to what extent injury mechanisms are affected 
in Pdgfa-deficient lungs. 



 42 

Acknowledgements 

This work was carried out in the Department of Immunology, Genetics and 
Pathology, Rudbeck Laboratory, Uppsala University, Sweden. I would like to 
thank the financial support from AstraZeneca AB through the ICMC, Swedish 
Research Council, European Research Council, the Leducq Foundation, 
Swedish Cancer Society, Knut och Alice Wallenbergs Foundation, Magnus 
Bergvalls Foundation and Åke Wibergs Foundation. 

Many people have been involved in the last four years of my PhD and, as 
PDGF-A in the lung, were essential for my development as a scientist.  

First and foremost, Johanna. I would like to thank you for all your support 
and supervision during the last four years. You are a great supervisor, always 
there for me whenever I needed. I learned so much from you and enjoyed a lot 
our weekly meetings and trips together. I really appreciated the freedom you 
gave me in the lab to learn and try new techniques and design new 
experiments. As I said two years ago, I could not have asked for a better 
supervisor.  

Christer, thank you for the opportunity to do a PhD in your lab. You are 
truly an inspiring scientist and I aspire to one day be as knowledgeable as you 
are. We did not have the chance to meet so often, but your input on my projects 
and manuscripts were invaluable. It is a pity that I never had the chance to 
hear you play the trumpet and try the legendary mojitos the won competitions 
in the past! 

I am very grateful that I had the chance to work in such a big and fun group 
as the CBZ. I would like to thank Jana, Pia, Cissi, Helene, Marco, Priya, 
Khayrun, Alberto, Michael, Maarja, Konstantin, Bárbara, Bong, Colin, 
Marie, Koji and Riikka for providing such a good environment in the lab, for 
the fun out-of-work activities and for putting up with me and my fika list. I 
hope you keep the fika tradition alive! I would like to thank some people in 
particular. Jana and Pia, a big big thanks to you both for being patience with 
me and taking so good care of the mice. Cissi, thank you for being such a cool 
office mate. It was awesome to be able to speak with you in Swedish and have 
someone to complain with. I admire your capacity to always get what you 
want (who gets three new iphones in a year without costs?!). Helene, you are 
the coolest of us all! It was a delight to hear all about your adventures, but I 
must say that all those fantastic trips always made me jealous! Marco, it was 
an honor to fight this battle by your side in time, in the lab bench and in the 
office. It was great to have another Portuguese soul in the lab (even though 



 43 

you sometimes spoke to me in Spanish…)! I thank you for your friendship 
and for all fun we had inside and outside the lab. Khayrun, you have been 
such a great support for me (I know you are going to say “no, I have done 
nothing”), listening to me when I needed someone to talk to and always ready 
to have a laugh. Alberto, thank you for all the chocolate, the uncountable 
moments of fun and for letting me disturb you when I am bored and wanted 
to procrastinate around. Maarja, thank you for all the nice conversations we 
had along these years. We share many interests and it was nice to have 
someone to talk to about gym, yoga, food, fashion and much more. I love your 
sense of humor and the positive energy you spread to the people in the lab. 
Colin, thank you for taking time to teach me so many things. You were very 
helpful and patient with me. Bong, you are the sweetest person in our lab. I 
have missed you going around always ready to give me a smile and a kind 
word. Thank you as well to the former members of the CBZ group that were 
part of my initial journey, Marta, Jen, Lwaki and Thibaud and all the 
students that have briefly passed in our lab. 

All the people in the Vascular Biology unit, thank you for the good 
scientific presentations and discussions in the seminars and retreats, and for 
all the fun in the parties.  

Christina and Helene, thank you so much for being so eager to help the 
PhD students and for providing us with efficacy all the information we need. 

Thanks to all the people at IGP with whom I have been interacting in the 
last four years. I would like to thank, Yang, Miguel, Eric, Ross, Tor, Mark, 
Matko, Simon, Argyris, Sofia N, Sara, Viktor, Emma Y, Chiara, Anja N, 
Iliana, Diego, Luuk, Sujata, Alba, Marcus, Sanna, Loora, Linnea, Dijana, 
Jessica, Anja M, Sara L, João, Felipe for all the nice moments inside and 
outside the lab. Who says scientists do not know how to have fun?! I specially 
want to thank Vero and Svea. You two occupy a very special place in my 
heart! Thank you so much for your friendship, for the great moments we have 
shared these years and for always being there for me. Thanks to you both it 
was less difficult to overcome the darkest moments of this journey. 

À minha querida família, um grande obrigado pelo vosso apoio e amor 
incondicional. Mesmo estando longe, o vosso encorajamento e animo deram-
me forças para continuar. Esta minha conquista é vossa também! Gosto muito 
dos três e senti a vossa falta a cada dia destes 7 anos. 

 
One lesson I take from the PhD life is that no matter how bad things look 

and stressful things are, if you surround yourself with great friends, you will 
always be able to see the bright side of life. I would like to end by thanking 
from the bottom of my heart all the fantastic friends I have made throughout 
this seven years I have lived in Uppsala. I will not mention individual names 
(otherwise I would fill more pages of acknowledgements that the actual thesis) 
but I hope that each one of you know how much you mean to me and how 
thankful I am that our journeys crossed path.  



 44 

References 

1. Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R, Frabetti F, Vitale L, 
Pelleri MC, Tassani S, Piva F, Perez-Amodio S, Strippoli P, Canaider S. 2013. 
An estimation of the number of cells in the human body. Ann Hum Biol, 4 ed. 
40:463–471. 

2. Gilbert SF. 2014. Developmental Biology, 10 ed. Sinauer Associates, Inc., 
Sunderland, MA. 

3. Perrimon N, Pitsouli C, Shilo B-Z. 2012. Signaling mechanisms controlling cell 
fate and embryonic patterning. Cold Spring Harb Perspect Biol 4:a005975–
a005975. 

4. Westermark B, Wasteson A. 1976. A platelet factor stimulating human normal 
glial cells. Experimental cell research 98:170–174. 

5. Ross R, Glomset J, Kariya B, Harker L. 1974. A platelet-dependent serum factor 
that stimulates the proliferation of arterial smooth muscle cells in vitro. 
Proceedings of the National Academy of Sciences USA 71:1207–1210. 

6. Kohler N, Lipton A. 1974. Platelets as a source of fibroblast growth-promoting 
activity. Experimental cell research 87:297–301. 

7. Antoniades HN, Scher CD, Stiles CD. 1979. Purification of human platelet-
derived growth factor. Proceedings of the National Academy of Sciences 
76:1809–1813. 

8. Heldin CH, Westermark B, Wasteson A. 1979. Platelet-derived growth factor: 
purification and partial characterization. Proc Natl Acad Sci USA 76:3722–3726. 

9. Johnsson A, Heldin CH, Westermark B, Wasteson A. 1982. Platelet-derived 
growth factor: identification of constituent polypeptide chains. Biochem Biophys 
Res Commun 104:66–74. 

10. Betsholtz C, Johnsson A, Heldin CH, Westermark B, Lind P, Urdea MS, Eddy R, 
Shows TB, Philpott K, Mellor AL. 1986. cDNA sequence and chromosomal 
localization of human platelet-derived growth factor A-chain and its expression 
in tumour cell lines. Nature 320:695–699. 

11. Li X, Pontén A, Aase K, Karlsson L, Abramsson A, Uutela M, Bäckström G, 
Hellström M, Boström H, Li H, Soriano P, Betsholtz C, Heldin CH, Alitalo K, 
Ostman A, Eriksson U. 2000. PDGF-C is a new protease-activated ligand for the 
PDGF alpha-receptor. Nature cell biology 2:302–309. 

12. Kazlauskas A. 2000. A new member of an old family. Nature cell biology 2:E78–
9. 

13. LaRochelle WJ, Jeffers M, McDonald WF, Chillakuru RA, Giese NA, Lokker 
NA, Sullivan C, Boldog FL, Yang M, Vernet C, Burgess CE, Fernandes E, 
Deegler LL, Rittman B, Shimkets J, Shimkets RA, Rothberg JM, Lichenstein HS. 
2001. PDGF-D, a new protease-activated growth factor. Nature cell biology 
3:517–521. 

14. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, Alitalo K, Eriksson 
U. 2001. PDGF-D is a specific, protease-activated ligand for the PDGF beta-
receptor. Nature cell biology 3:512–516. 



 45 

15. Kazlauskas A. 2017. PDGFs and their receptors. Gene 614:1–7. 
16. Andrae J, Gallini R, Betsholtz C. 2008. Role of platelet-derived growth factors in 

physiology and medicine. Genes Dev 22:1276–1312. 
17. Matoskova B, Rorsman F, Svensson V, Betsholtz C. 1989. Alternative splicing 

of the platelet-derived growth factor A-chain transcript occurs in normal as well 
as tumor cells and is conserved among mammalian species. Molecular and 
Cellular Biology 9:3148–3150. 

18. Rorsman F, Bywater M, Knott TJ, Scott J, Betsholtz C. 1988. Structural 
characterization of the human platelet-derived growth factor A-chain cDNA and 
gene: alternative exon usage predicts two different precursor proteins. Molecular 
and Cellular Biology 8:571–577. 

19. Andrae J, Ehrencrona H, Gallini R, Lal M, Ding H, Betsholtz C. 2013. Analysis 
of mice lacking the heparin-binding splice isoform of platelet-derived growth 
factor A. Molecular and Cellular Biology 33:4030–4040. 

20. Lindblom P, Gerhardt H, Liebner S, Abramsson A, Enge M, Hellström M, 
Backstrom G, Fredriksson S, Landegren U, Nystrom HC, Bergstrom G, Dejana 
E, Östman A, Lindahl P, Betsholtz C. 2003. Endothelial PDGF-B retention is 
required for proper investment of pericytes in the microvessel wall. Genes Dev 
17:1835–1840. 

21. Lindahl P, Johansson BR, Levéen P, Betsholtz C. 1997. Pericyte loss and 
microaneurysm formation in PDGF-B-deficient mice. Science 277:242–245. 

22. Fredriksson L, Li H, Fieber C, Li X, Eriksson U. 2004. Tissue plasminogen 
activator is a potent activator of PDGF-CC. EMBO J 23:3793–3802. 

23. Heldin CH, Westermark B. 1999. Mechanism of action and in vivo role of 
platelet-derived growth factor. Physiological reviews 79:1283–1316. 

24. Betsholtz C, Karlsson L, Lindahl P. 2001. Developmental roles of platelet-
derived growth factors. Bioessays 23:494–507. 

25. Claesson-Welsh L, Eriksson A, Westermark B, Heldin CH. 1989. cDNA cloning 
and expression of the human A-type platelet-derived growth factor (PDGF) 
receptor establishes structural similarity to the B-type PDGF receptor. 
Proceedings of the National Academy of Sciences 86:4917–4921. 

26. Lindahl P, Karlsson L, Hellström M, Gebre-Medhin S, Willetts K, Heath JK, 
Betsholtz C. 1997. Alveogenesis failure in PDGF-A-deficient mice is coupled to 
lack of distal spreading of alveolar smooth muscle cell progenitors during lung 
development. Development 124:3943–3953. 

27. Boström H, Gritli-Linde A, Betsholtz C. 2002. PDGF-A/PDGF alpha-receptor 
signaling is required for lung growth and the formation of alveoli but not for early 
lung branching morphogenesis. Dev Dyn 223:155–162. 

28. Fruttiger M, Karlsson L, Hall AC, Abramsson A, Calver AR, Boström H, Willetts 
K, Bertold CH, Heath JK, Betsholtz C, Richardson WD. 1999. Defective 
oligodendrocyte development and severe hypomyelination in PDGF-A knockout 
mice. Development 126:457–467. 

29. Soriano P. 1997. The PDGF alpha receptor is required for neural crest cell 
development and for normal patterning of the somites. Development 124:2691–
2700. 

30. Karlsson L, Lindahl P, Heath JK, Betsholtz C. 2000. Abnormal gastrointestinal 
development in PDGF-A and PDGFR-(alpha) deficient mice implicates a novel 
mesenchymal structure with putative instructive properties in villus 
morphogenesis. Development 127:3457–3466. 

31. Ding H, Wu X, Boström H, Kim I, Wong N, Tsoi B, O'Rourke M, Koh GY, 
Soriano P, Betsholtz C, Hart TC, Marazita ML, Field LL, Tam PPL, Nagy A. 



 46 

2004. A specific requirement for PDGF-C in palate formation and PDGFR-alpha 
signaling. Nat Genet 36:1111–1116. 

32. Xu X, Bringas P, Soriano P, Chai Y. 2005. PDGFR-alpha signaling is critical for 
tooth cusp and palate morphogenesis. Dev Dyn 232:75–84. 

33. Andrae J, Gouveia L, Gallini R, He L, Fredriksson L, Nilsson I, Johansson BR, 
Eriksson U, Betsholtz C. 2016. A role for PDGF-C/PDGFRα signaling in the 
formation of the meningeal basement membranes surrounding the cerebral 
cortex. Biology open 5:461–474. 

34. Hellström M, Kalén M, Lindahl P, Abramsson A, Betsholtz C. 1999. Role of 
PDGF-B and PDGFR-beta in recruitment of vascular smooth muscle cells and 
pericytes during embryonic blood vessel formation in the mouse. Development 
126:3047–3055. 

35. Lindahl P, Hellström M, Kalén M, Karlsson L, Pekny M, Pekna M, Soriano P, 
Betsholtz C. 1998. Paracrine PDGF-B/PDGF-Rbeta signaling controls mesangial 
cell development in kidney glomeruli. Development 125:3313–3322. 

36. Gladh H, Folestad EB, Muhl L, Ehnman M, Tannenberg P, Lawrence A-L, 
Betsholtz C, Eriksson U. 2016. Mice lacking platelet-derived growth factor D 
display a mild vascular phenotype. PLoS ONE 11:e0152276. 

37. Fantauzzo KA, Soriano P. 2016. PDGFRβ regulates craniofacial development 
through homodimers and functional heterodimers with PDGFRα. Genes Dev 
30:2443–2458. 

38. Kazlauskas A, Cooper JA. 1989. Autophosphorylation of the PDGF receptor in 
the kinase insert region regulates interactions with cell proteins. Cell 58:1121–
1133. 

39. Claesson-Welsh L. 1996. Mechanism of action of platelet-derived growth factor. 
The International Journal of Biochemistry & Cell Biology 28:373–385. 

40. Claesson-Welsh L. 1996. Mechanism of action of platelet-derived growth factor. 
The International Journal of Biochemistry & Cell Biology 28:373–385. 

41. Heldin CH, Ostman A, Rönnstrand L. 1998. Signal transduction via platelet-
derived growth factor receptors. Biochimica et biophysica acta 1378:F79–113. 

42. Tallquist M, Kazlauskas A. 2004. PDGF signaling in cells and mice. Cytokine & 
Growth Factor Reviews 15:205–213. 

43. Kundra V, Escobedo JA, Kazlauskas A, Kim HK, Rhee SG, Williams LT, Zetter 
BR. 1994. Regulation of chemotaxis by the platelet-derived growth factor 
receptor-beta. Nature 367:474–476. 

44. Zhang H, Bajraszewski N, Wu E, Wang H, Moseman AP, Dabora SL, Griffin JD, 
Kwiatkowski DJ. 2007. PDGFRs are critical for PI3K/Akt activation and 
negatively regulated by mTOR. J Clin Invest 117:730–738. 

45. Klinghoffer RA, Mueting-Nelsen PF, Faerman A, Shani M, Soriano P. 2001. The 
two PDGF receptors maintain conserved signaling in vivo despite divergent 
embryological functions. Mol Cell 7:343–354. 

46. Soriano P. 1994. Abnormal kidney development and hematological disorders in 
PDGF beta-receptor mutant mice. Genes & Development 8:1888–1896. 

47. Klinghoffer RA, Hamilton TG, Hoch R, Soriano P. 2002. An allelic series at the 
PDGFalphaR locus indicates unequal contributions of distinct signaling pathways 
during development. Dev Cell 2:103–113. 

48. Betsholtz C. 2004. Insight into the physiological functions of PDGF through 
genetic studies in mice. Cytokine & Growth Factor Reviews 15:215–228. 

49. Mercola M, Wang CY, Kelly J, Brownlee C, Jackson-Grusby L, Stiles C, Bowen-
Pope D. 1990. Selective expression of PDGF A and its receptor during early 
mouse embryogenesis. Developmental Biology 138:114–122. 



 47 

50. Yeh HJ, Ruit KG, Wang Y-X, Parks WC, Snider WD, Deuel TF. 1991. PDGF A-
chain gene is expressed by mammalian neurons during development and in 
maturity. Cell 64:209–216. 

51. Orr-Urtreger A, Lonai P. 1992. Platelet-derived growth factor-A and its receptor 
are expressed in separate, but adjacent cell layers of the mouse embryo. 
Development 115:1045–1058. 

52. Boström H, Willetts K, Pekny M, Levéen P, Lindahl P, Hedstrand H, Pekna M, 
Hellström M, Gebre-Medhin S, Schalling M, Nilsson M, Kurland S, Törnell J, 
Heath JK, Betsholtz C. 1996. PDGF-A signaling is a critical event in lung 
alveolar myofibroblast development and alveogenesis. Cell 85:863–873. 

53. Calver AR, Hall AC, Yu WP, Walsh FS, Heath JK, Betsholtz C, Richardson WD. 
1998. Oligodendrocyte population dynamics and the role of PDGF in vivo. 
Neuron 20:869–882. 

54. Karlsson L, Bondjers C, Betsholtz C. 1999. Roles for PDGF-A and sonic 
hedgehog in development of mesenchymal components of the hair follicle. 
Development 126:2611–2621. 

55. Gnessi L, Basciani S, Mariani S, Arizzi M, Spera G, Wang C, Bondjers C, 
Karlsson L, Betsholtz C. 2000. Leydig cell loss and spermatogenic arrest in 
platelet-derived growth factor (PDGF)-A-deficient mice. The Journal of cell 
biology 149:1019–1026. 

56. Ding H, Wu X, Kim I, Tam PPL, Koh GY, Nagy A. 2000. The mouse Pdgfc gene: 
dynamic expression in embryonic tissues during organogenesis. Mech Dev 
96:209–213. 

57. Fredriksson L, Nilsson I, Su EJ, Andrae J, Ding H, Betsholtz C, Eriksson U, 
Lawrence DA. 2012. Platelet-derived growth factor C deficiency in C57BL/6 
mice leads to abnormal cerebral vascularization, loss of neuroependymal 
integrity, and ventricular abnormalities. Am J Pathol 180:1136–1144. 

58. Hamilton TG, Klinghoffer RA, Corrin PD, Soriano P. 2003. Evolutionary 
divergence of platelet-derived growth factor alpha receptor signaling 
mechanisms. Molecular and Cellular Biology 23:4013–4025. 

59. Orr-Urtreger A, Bedford MT, Do MS, Eisenbach L, Lonai P. 1992. 
Developmental expression of the alpha receptor for platelet-derived growth 
factor, which is deleted in the embryonic lethal Patch mutation. Development 
115:289–303. 

60. Schatteman GC, Morrison-Graham K, van Koppen A, Weston JA, Bowen-Pope 
DF. 1992. Regulation and role of PDGF receptor alpha-subunit expression during 
embryogenesis. Development 115:123–131. 

61. Morrison-Graham K, Schatteman GC, Bork T, Bowen-Pope DF, Weston JA. 
1992. A PDGF receptor mutation in the mouse (Patch) perturbs the development 
of a non-neuronal subset of neural crest-derived cells. Development 115:133–
142. 

62. Stannard W, O'Callaghan C. 2006. Ciliary function and the role of cilia in 
clearance. J Aerosol Med 19:110–115. 

63. Bals R, Hiemstra PS. 2004. Innate immunity in the lung: how epithelial cells fight 
against respiratory pathogens. Eur Respir J 23:327–333. 

64. Veldhuizen EJA, Haagsman HP. 2000. Role of pulmonary surfactant components 
in surface film formation and dynamics. Biochimica et Biophysica Acta (BBA) - 
Biomembranes 1467:255–270. 

65. Evans MJ, Van Winkle LS, Fanucchi MV, Plopper CG. 2001. Cellular and 
molecular characteristics of basal cells in airway epithelium. Exp Lung Res 
27:401–415. 



 48 

66. Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, Randell SH, Hogan 
BLM. 2009. Basal cells as stem cells of the mouse trachea and human airway 
epithelium. Proceedings of the National Academy of Sciences 106:12771–12775. 

67. Voynow JA, Fischer BM, Roberts BC, Proia AD. 2005. Basal-like cells constitute 
the proliferating cell population in cystic fibrosis airways. Am J Respir Crit Care 
Med 172:1013–1018. 

68. Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR. 2004. In vivo 
differentiation potential of tracheal basal cells: evidence for multipotent and 
unipotent subpopulations. Am J Physiol Lung Cell Mol Physiol 286:L643–9. 

69. Evans MJ, Shami SG, Cabral-Anderson LJ, Dekker NP. 1986. Role of nonciliated 
cells in renewal of the bronchial epithelium of rats exposed to NO2. Am J Pathol 
123:126–133. 

70. Shah AS, Ben-Shahar Y, Moninger TO, Kline JN, Welsh MJ. 2009. Motile cilia 
of human airway epithelia are chemosensory. Science 325:1131–1134. 

71. Tilley AE, Walters MS, Shaykhiev R, Crystal RG. 2015. Cilia dysfunction in lung 
disease. Annu Rev Physiol 77:379–406. 

72. Yaghi A, Dolovich M. 2016. Airway Epithelial Cell Cilia and Obstructive Lung 
Disease. Cells 5:40. 

73. Knight DA, Holgate ST. 2003. The airway epithelium: structural and functional 
properties in health and disease. Respirology 8:432–446. 

74. Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, Wang F, 
Hogan BLM. 2009. The role of Scgb1a1+ Clara cells in the long-term 
maintenance and repair of lung airway, but not alveolar, epithelium. Cell Stem 
Cell 4:525–534. 

75. Darrell N Kotton EEM. 2014. Lung regeneration: mechanisms, applications and 
emerging stem cell populations. Nat Med 20:822–832. 

76. Linnoila RI. 2006. Functional facets of the pulmonary neuroendocrine system. 
Lab Invest 86:425–444. 

77. Van Lommel A. 2001. Pulmonary neuroendocrine cells (PNEC) and 
neuroepithelial bodies (NEB): chemoreceptors and regulators of lung 
development. Paediatr Respir Rev 2:171–176. 

78. Song H, Yao E, Lin C, Gacayan R, Chen M-H, Chuang P-T. 2012. Functional 
characterization of pulmonary neuroendocrine cells in lung development, injury, 
and tumorigenesis. Proceedings of the National Academy of Sciences 
109:17531–17536. 

79. Yang J, Hernandez BJ, Martinez Alanis D, Narvaez del Pilar O, Vila-Ellis L, 
Akiyama H, Evans SE, Ostrin EJ, Chen J. 2016. The development and plasticity 
of alveolar type 1 cells. Development 143:54–65. 

80. Wang Y, Tang Z, Huang H, Li J, Wang Z, Yu Y, Zhang C, Li J, Dai H, Wang F, 
Cai T, Tang N. 2018. Pulmonary alveolar type I cell population consists of two 
distinct subtypes that differ in cell fate. Proceedings of the National Academy of 
Sciences 115:2407–2412. 

81. Jain R, Barkauskas CE, Takeda N, Bowie EJ, Aghajanian H, Wang Q, 
Padmanabhan A, Manderfield LJ, Gupta M, Li D, Li L, Trivedi CM, Hogan 
BLM, Epstein JA. 2015. Plasticity of Hopx(+) type I alveolar cells to regenerate 
type II cells in the lung. Nat Commun 6:6727. 

82. Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, 
Randell SH, Noble PW, Hogan BLM. 2013. Type 2 alveolar cells are stem cells 
in adult lung. J Clin Invest 123:3025–3036. 

83. Rock JR, Barkauskas CE, Cronce MJ, Xue Y, Harris JR, Liang J, Noble PW, 
Hogan BLM. 2011. Multiple stromal populations contribute to pulmonary 



 49 

fibrosis without evidence for epithelial to mesenchymal transition. Proceedings 
of the National Academy of Sciences 108:E1475–83. 

84. Desai TJ, Brownfield DG, Krasnow MA. 2014. Alveolar progenitor and stem 
cells in lung development, renewal and cancer. Nature 507:190–194. 

85. Zuyderduyn S, Sukkar MB, Fust A, Dhaliwal S, Burgess JK. 2008. Treating 
asthma means treating airway smooth muscle cells. Eur Respir J 32:265–274. 

86. McGowan SE, Torday JS. 1997. The pulmonary lipofibroblast (lipid interstitial 
cell) and its contributions to alveolar development. Annu Rev Physiol 59:43–62. 

87. Zepp JA, Zacharias WJ, Frank DB, Cavanaugh CA, Zhou S, Morley MP, 
Morrisey EE. 2017. Distinct Mesenchymal Lineages and Niches Promote 
Epithelial Self-Renewal and Myofibrogenesis in the Lung. Cell 170:1134–
1148.e10. 

88. Rehan VK, Torday JS. 2014. The lung alveolar lipofibroblast: an evolutionary 
strategy against neonatal hyperoxic lung injury. Antioxid Redox Signal 21:1893–
1904. 

89. Agha El E, Moiseenko A, Kheirollahi V, De Langhe S, Crnkovic S, 
Kwapiszewska G, Kosanovic D, Schwind F, Schermuly RT, Henneke I, 
Mackenzie B, Quantius J, Herold S, Ntokou A, Ahlbrecht K, Morty RE, Günther 
A, Seeger W, Bellusci S. 2017. Two-Way Conversion between Lipogenic and 
Myogenic Fibroblastic Phenotypes Marks the Progression and Resolution of 
Lung Fibrosis. Cell Stem Cell 20:261–273.e3. 

90. McGowan SE, Grossmann RE, Kimani PW, Holmes AJ. 2008. Platelet-derived 
growth factor receptor-alpha-expressing cells localize to the alveolar entry ring 
and have characteristics of myofibroblasts during pulmonary alveolar septal 
formation. Anat Rec (Hoboken) 291:1649–1661. 

91. Ahlfeld SK, Perl A-K. 2017. A “GLI-tch” in Alveolar Myofibroblast 
Differentiation. Am J Respir Cell Mol Biol 57:261–262. 

92. Agha El E, Kramann R, Schneider RK, Li X, Seeger W, Humphreys BD, Bellusci S. 
2017. Mesenchymal Stem Cells in Fibrotic Disease. Cell Stem Cell 21:166–177. 

93. Chen L, Acciani T, Le Cras T, Lutzko C, Perl A-KT. 2012. Dynamic regulation 
of platelet-derived growth factor receptor α expression in alveolar fibroblasts 
during realveolarization. Am J Respir Cell Mol Biol 47:517–527. 

94. Lazarus A, Del Moral P-M, Ilovich O, Mishani E, Warburton D, Keshet E. 2011. 
A perfusion-independent role of blood vessels in determining branching 
stereotypy of lung airways. Development 138:2359–2368. 

95. Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, He L, 
Norlin J, Lindblom P, Strittmatter K, Johansson BR, Betsholtz C. 2010. Pericytes 
regulate the blood-brain barrier. Nature 468:557–561. 

96. Hung C, Linn G, Chow Y-H, Kobayashi A, Mittelsteadt K, Altemeier WA, 
Gharib SA, Schnapp LM, Duffield JS. 2013. Role of lung pericytes and resident 
fibroblasts in the pathogenesis of pulmonary fibrosis. Am J Respir Crit Care Med 
188:820–830. 

97. Barron L, Gharib SA, Duffield JS. 2016. Lung Pericytes and Resident 
Fibroblasts. Am J Pathol 186:2519–2531. 

98. Morrisey EE, Hogan BLM. 2010. Preparing for the first breath: genetic and 
cellular mechanisms in lung development. Dev Cell 18:8–23. 

99. Herriges M, Morrisey EE. 2014. Lung development: orchestrating the generation 
and regeneration of a complex organ. Development 141:502–513. 

100.Min H, Danilenko DM, Scully SA, Bolon B, Ring BD, Tarpley JE, DeRose M, 
Simonet WS. 1998. Fgf-10 is required for both limb and lung development and 
exhibits striking functional similarity to Drosophila branchless. Genes Dev 
12:3156–3161. 



 50 

101.De Moerlooze L, Spencer-Dene B, Revest JM, Hajihosseini M, Rosewell I, 
Dickson C. 2000. An important role for the IIIb isoform of fibroblast growth 
factor receptor 2 (FGFR2) in mesenchymal-epithelial signalling during mouse 
organogenesis. Development 127:483–492. 

102.Goss AM, Tian Y, Tsukiyama T, Cohen ED, Zhou D, Lu MM, Yamaguchi TP, 
Morrisey EE. 2009. Wnt2/2b and β-Catenin Signaling Are Necessary and 
Sufficient to Specify Lung Progenitors in the Foregut. Dev Cell 17:290–298. 

103.Motoyama J, Liu J, Mo R, Ding Q, Post M, Hui CC. 1998. Essential function of 
Gli2 and Gli3 in the formation of lung, trachea and oesophagus. Nat Genet 20:54–
57. 

104.Domyan ET, Ferretti E, Throckmorton K, Mishina Y, Nicolis SK, Sun X. 2011. 
Signaling through BMP receptors promotes respiratory identity in the foregut via 
repression of Sox2. Development 138:971–981. 

105.Metzger RJ, Klein OD, Martin GR, Krasnow MA. 2008. The branching 
programme of mouse lung development. Nature 453:745–750. 

106.Rawlins EL. 2011. The building blocks of mammalian lung development. Dev 
Dyn 240:463–476. 

107.Rawlins EL, Clark CP, Xue Y, Hogan BLM. 2009. The Id2+ distal tip lung 
epithelium contains individual multipotent embryonic progenitor cells. 
Development 136:3741–3745. 

108.Tompkins DH, Besnard V, Lange AW, Keiser AR, Wert SE, Bruno MD, Whitsett 
JA. 2011. Sox2 activates cell proliferation and differentiation in the respiratory 
epithelium. Am J Respir Cell Mol Biol 45:101–110. 

109.Rockich BE, Hrycaj SM, Shih HP, Nagy MS, Ferguson MAH, Kopp JL, Sander 
M, Wellik DM, Spence JR. 2013. Sox9 plays multiple roles in the lung epithelium 
during branching morphogenesis. Proceedings of the National Academy of 
Sciences 110:E4456–64. 

110.Treutlein B, Brownfield DG, Wu AR, Neff NF, Mantalas GL, Espinoza FH, 
Desai TJ, Krasnow MA, Quake SR. 2014. Reconstructing lineage hierarchies of 
the distal lung epithelium using single-cell RNA-seq. Nature 509:371–375. 

111.Maeda Y, Davé V, Whitsett JA. 2007. Transcriptional control of lung 
morphogenesis. Physiological reviews 87:219–244. 

112.Toskala E, Smiley-Jewell SM, Wong VJ, King D, Plopper CG. 2005. Temporal 
and spatial distribution of ciliogenesis in the tracheobronchial airways of mice. 
Am J Physiol Lung Cell Mol Physiol 289:L454–9. 

113.Schwarz MA, Caldwell L, Cafasso D, Zheng H. 2009. Emerging pulmonary 
vasculature lacks fate specification. Am J Physiol Lung Cell Mol Physiol 
296:L71–L81. 

114.Gale NW, Baluk P, Pan L, Kwan M, Holash J, DeChiara TM, McDonald DM, 
Yancopoulos GD. 2001. Ephrin-B2 selectively marks arterial vessels and 
neovascularization sites in the adult, with expression in both endothelial and 
smooth-muscle cells. Developmental Biology 230:151–160. 

115.Bourbon J, Boucherat O, Chailley-Heu B, Delacourt C. 2005. Control 
mechanisms of lung alveolar development and their disorders in 
bronchopulmonary dysplasia. Pediatric Research 57:38R–46R. 

116.Rock JR, Randell SH, Hogan BLM. 2010. Airway basal stem cells: a perspective on 
their roles in epithelial homeostasis and remodeling. Dis Model Mech 3:545–556. 

117.Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, Sun Y, Joo LS, Dagher 
R, Zielonka EM, Wang DY, Lim B, Chow VT, Crum CP, Xian W, McKeon F. 
2011. Distal airway stem cells yield alveoli in vitro and during lung regeneration 
following H1N1 influenza infection. Cell 147:525–538. 



 51 

118.Hogan BLM, Barkauskas CE, Chapman HA, Epstein JA, Jain R, Hsia CCW, 
Niklason L, Calle E, Le A, Randell SH, Rock J, Snitow M, Krummel M, Stripp 
BR, Vu T, White ES, Whitsett JA, Morrisey EE. 2014. Repair and regeneration 
of the respiratory system: complexity, plasticity, and mechanisms of lung stem 
cell function. Cell Stem Cell 15:123–138. 

119.Reynolds SD, Hong KU, Giangreco A, Mango GW, Guron C, Morimoto Y, 
Stripp BR. 2000. Conditional clara cell ablation reveals a self-renewing 
progenitor function of pulmonary neuroendocrine cells. Am J Physiol Lung Cell 
Mol Physiol 278:L1256–63. 

120.Reynolds SD, Giangreco A, Power JH, Stripp BR. 2000. Neuroepithelial bodies 
of pulmonary airways serve as a reservoir of progenitor cells capable of epithelial 
regeneration. Am J Pathol 156:269–278. 

121.Giangreco A, Reynolds SD, Stripp BR. 2002. Terminal bronchioles harbor a 
unique airway stem cell population that localizes to the bronchoalveolar duct 
junction. Am J Pathol 161:173–182. 

122.Kim CFB, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel S, Crowley 
D, Bronson RT, Jacks T. 2005. Identification of bronchioalveolar stem cells in 
normal lung and lung cancer. Cell 121:823–835. 

123.Evans MJ, Cabral LJ, Stephens RJ, Freeman G. 1975. Transformation of alveolar 
type 2 cells to type 1 cells following exposure to NO2. Exp Mol Pathol 22:142–
150. 

124.Zacharias WJ, Frank DB, Zepp JA, Morley MP, Alkhaleel FA, Kong J, Zhou S, 
Cantu E, Morrisey EE. 2018. Regeneration of the lung alveolus by an 
evolutionarily conserved epithelial progenitor. Nature 555:251–255. 

125.Kumar ME, Bogard PE, Espinoza FH, Menke DB, Kingsley DM, Krasnow MA. 
2014. Mesenchymal cells. Defining a mesenchymal progenitor niche at single-
cell resolution. Science 346:1258810–1258810. 

126.Zhuo Y, Hoyle GW, Shan B, Levy DR, Lasky JA. 2006. Over-expression of 
PDGF-C using a lung specific promoter results in abnormal lung development. 
Transgenic Res 15:543–555. 

127.Li J, Hoyle GW. 2001. Overexpression of PDGF-A in the lung epithelium of 
transgenic mice produces a lethal phenotype associated with hyperplasia of 
mesenchymal cells. Developmental Biology 239:338–349. 

128.Popova AP. 2013. Mechanisms of bronchopulmonary dysplasia. Journal of cell 
communication and signaling 7:119–127. 

129.Popova AP, Bentley JK, Cui TX, Richardson MN, Linn MJ, Lei J, Chen Q, 
Goldsmith AM, Pryhuber GS, Hershenson MB. 2014. Reduced platelet-derived 
growth factor receptor expression is a primary feature of human 
bronchopulmonary dysplasia. Am J Physiol Lung Cell Mol Physiol 307:L231–9. 

130.Reigstad LJ, Varhaug JE, Lillehaug JR. 2005. Structural and functional 
specificities of PDGF-C and PDGF-D, the novel members of the platelet-derived 
growth factors family. FEBS J 272:5723–5741. 

131.Lasky JA, Brody AR. 2000. Interstitial fibrosis and growth factors. Environ 
Health Perspect 108 Suppl 4:751–762. 

132.Zhuo Y, Zhang J, Laboy M, Lasky JA. 2004. Modulation of PDGF-C and PDGF-
D expression during bleomycin-induced lung fibrosis. Am J Physiol Lung Cell 
Mol Physiol 286:L182–8. 

133.Perros F, Montani D, Dorfmüller P, Durand-Gasselin I, Tcherakian C, Le Pavec 
J, Mazmanian M, Fadel E, Mussot S, Mercier O, Hervé P, Emilie D, Eddahibi S, 
Simonneau G, Souza R, Humbert M. 2008. Platelet-derived growth factor 
expression and function in idiopathic pulmonary arterial hypertension. Am J 
Respir Crit Care Med 178:81–88. 



 52 

134.Heinrich MC, Corless CL, Duensing A, McGreevey L, Chen C-J, Joseph N, 
Singer S, Griffith DJ, Haley A, Town A, Demetri GD, Fletcher CDM, Fletcher 
JA. 2003. PDGFRA activating mutations in gastrointestinal stromal tumors. 
Science 299:708–710. 

135.Paulsson J, Ehnman M, Östman A. 2014. PDGF receptors in tumor biology: 
prognostic and predictive potential. Future Oncol 10:1695–1708. 

136.Donnem T, Al-Saad S, Al-Shibli K, Andersen S, Busund L-T, Bremnes RM. 
2008. Prognostic impact of platelet-derived growth factors in non-small cell lung 
cancer tumor and stromal cells. J Thorac Oncol 3:963–970. 

137.Paulsson J, Micke P. 2014. Prognostic relevance of cancer-associated fibroblasts 
in human cancer. Semin Cancer Biol 25:61–68. 

138.Noskovičová N, Petřek M, Eickelberg O, Heinzelmann K. 2015. Platelet-derived 
growth factor signaling in the lung. From lung development and disease to 
clinical studies. Am J Respir Cell Mol Biol 52:263–284. 

139.Kanaan R, Strange C. 2017. Use of multitarget tyrosine kinase inhibitors to 
attenuate platelet-derived growth factor signalling in lung disease. Eur Respir 
Rev 26:170061. 

140.Perlman RL. 2016. Mouse models of human disease: An evolutionary 
perspective. Evol Med Public Health 2016:170–176. 

141.Mouse Genome Sequencing Consortium, Waterston RH, Lindblad-Toh K, 
Birney E, Rogers J, Abril JF, Agarwal P, Agarwala R, Ainscough R, 
Alexandersson M, An P, Antonarakis SE, Attwood J, Baertsch R, Bailey J, 
Barlow K, Beck S, Berry E, Birren B, Bloom T, Bork P, Botcherby M, Bray N, 
Brent MR, Brown DG, Brown SD, Bult C, Burton J, Butler J, Campbell RD, 
Carninci P, Cawley S, Chiaromonte F, Chinwalla AT, Church DM, Clamp M, 
Clee C, Collins FS, Cook LL, Copley RR, Coulson A, Couronne O, Cuff J, 
Curwen V, Cutts T, Daly M, David R, Davies J, Delehaunty KD, Deri J, 
Dermitzakis ET, Dewey C, Dickens NJ, Diekhans M, Dodge S, Dubchak I, Dunn 
DM, Eddy SR, Elnitski L, Emes RD, Eswara P, Eyras E, Felsenfeld A, Fewell 
GA, Flicek P, Foley K, Frankel WN, Fulton LA, Fulton RS, Furey TS, Gage D, 
Gibbs RA, Glusman G, Gnerre S, Goldman N, Goodstadt L, Grafham D, Graves 
TA, Green ED, Gregory S, Guigó R, Guyer M, Hardison RC, Haussler D, 
Hayashizaki Y, Hillier LW, Hinrichs A, Hlavina W, Holzer T, Hsu F, Hua A, 
Hubbard T, Hunt A, Jackson I, Jaffe DB, Johnson LS, Jones M, Jones TA, Joy A, 
Kamal M, Karlsson EK, Karolchik D, Kasprzyk A, Kawai J, Keibler E, Kells C, 
Kent WJ, Kirby A, Kolbe DL, Korf I, Kucherlapati RS, Kulbokas EJ, Kulp D, 
Landers T, Leger JP, Leonard S, Letunic I, Levine R, Li J, Li M, Lloyd C, Lucas 
S, Ma B, Maglott DR, Mardis ER, Matthews L, Mauceli E, Mayer JH, McCarthy 
M, McCombie WR, McLaren S, McLay K, McPherson JD, Meldrim J, Meredith 
B, Mesirov JP, Miller W, Miner TL, Mongin E, Montgomery KT, Morgan M, 
Mott R, Mullikin JC, Muzny DM, Nash WE, Nelson JO, Nhan MN, Nicol R, 
Ning Z, Nusbaum C, O'Connor MJ, Okazaki Y, Oliver K, Overton-Larty E, 
Pachter L, Parra G, Pepin KH, Peterson J, Pevzner P, Plumb R, Pohl CS, Poliakov 
A, Ponce TC, Ponting CP, Potter S, Quail M, Reymond A, Roe BA, Roskin KM, 
Rubin EM, Rust AG, Santos R, Sapojnikov V, Schultz B, Schultz J, Schwartz 
MS, Schwartz S, Scott C, Seaman S, Searle S, Sharpe T, Sheridan A, Shownkeen 
R, Sims S, Singer JB, Slater G, Smit A, Smith DR, Spencer B, Stabenau A, 
Stange-Thomann N, Sugnet C, Suyama M, Tesler G, Thompson J, Torrents D, 
Trevaskis E, Tromp J, Ucla C, Ureta-Vidal A, Vinson JP, Niederhausern Von 
AC, Wade CM, Wall M, Weber RJ, Weiss RB, Wendl MC, West AP, 
Wetterstrand K, Wheeler R, Whelan S, Wierzbowski J, Willey D, Williams S, 
Wilson RK, Winter E, Worley KC, Wyman D, Yang S, Yang S-P, Zdobnov EM, 



 53 

Zody MC, Lander ES. 2002. Initial sequencing and comparative analysis of the 
mouse genome. Nature 420:520–562. 

142.Springer MS, Murphy WJ. 2007. Mammalian evolution and biomedicine: new 
views from phylogeny. Biol Rev Camb Philos Soc 82:375–392. 

143.Andrae J, Gouveia L, He L, Betsholtz C. 2014. Characterization of platelet-
derived growth factor-A expression in mouse tissues using a lacZ knock-in 
approach. PLoS ONE 9:e105477. 

144.Okubo T, Hogan BLM. 2004. Hyperactive Wnt signaling changes the 
developmental potential of embryonic lung endoderm. J Biol 3:11. 

145.Feil S, Valtcheva N, Feil R. 2009. Inducible Cre mice. Methods Mol Biol 
530:343–363. 

146.Arlt MJE, Born W, Fuchs B. 2012. Improved visualization of lung metastases at 
single cell resolution in mice by combined in-situ perfusion of lung tissue and X-
Gal staining of lacZ-tagged tumor cells. J Vis Exp e4162–e4162. 

147.Burn SF. 2012. Detection of β-galactosidase activity: X-gal staining. Methods 
Mol Biol 886:241–250. 

148.Fischer AH, Jacobson KA, Rose J, Zeller R. 2008. Cryosectioning tissues. CSH 
Protoc 2008:pdb.prot4991. 

149.Schmittgen TD, Livak KJ. 2008. Analyzing real-time PCR data by the 
comparative C(T) method. Nat Protoc 3:1101–1108. 

150.Knudsen L, Weibel ER, Gundersen HJG, Weinstein FV, Ochs M. 2010. 
Assessment of air space size characteristics by intercept (chord) measurement: an 
accurate and efficient stereological approach. J Appl Physiol 108:412–421. 

151.Economides AN, Frendewey D, Yang P, Dominguez MG, Dore AT, Lobov IB, 
Persaud T, Rojas J, McClain J, Lengyel P, Droguett G, Chernomorsky R, Stevens 
S, Auerbach W, Dechiara TM, Pouyemirou W, Cruz JM, Feeley K, Mellis IA, 
Yasenchack J, Hatsell SJ, Xie L, Latres E, Huang L, Zhang Y, Pefanis E, Skokos 
D, Deckelbaum RA, Croll SD, Davis S, Valenzuela DM, Gale NW, Murphy AJ, 
Yancopoulos GD. 2013. Conditionals by inversion provide a universal method 
for the generation of conditional alleles. Proceedings of the National Academy of 
Sciences 110:E3179–88. 

152.Klinkhammer BM, Floege J, Boor P. 2017. PDGF in organ fibrosis. Mol Aspects 
Med. 

153.Pietras K, Sjöblom T, Rubin K, Heldin C-H, Östman A. 2003. PDGF receptors 
as cancer drug targets. Cancer Cell 3:439–443. 

154.Yu J, Ustach C, Kim H-RC. 2003. Platelet-derived growth factor signaling and 
human cancer. J Biochem Mol Biol 36:49–59. 

155.Raines EW. 2004. PDGF and cardiovascular disease. Cytokine & Growth Factor 
Reviews 15:237–254. 

156.Board R, Jayson GC. 2005. Platelet-derived growth factor receptor (PDGFR): a 
target for anticancer therapeutics. Drug Resist Updat 8:75–83. 

157.Wang P, Song L, Ge H, Jin P, Jiang Y, Hu W, Geng N. 2014. Crenolanib, a 
PDGFR inhibitor, suppresses lung cancer cell proliferation and inhibits tumor 
growth in vivo. Onco Targets Ther 7:1761–1768. 

158.Rivera-Gonzalez GC, Shook BA, Andrae J, Holtrup B, Bollag K, Betsholtz C, 
Rodeheffer MS, Horsley V. 2016. Skin Adipocyte Stem Cell Self-Renewal Is 
Regulated by a PDGFA/AKT-Signaling Axis. Cell Stem Cell 19:738–751. 

159.Vanlandewijck M, He L, Mäe MA, Andrae J, Ando K, Del Gaudio F, Nahar K, 
Lebouvier T, Laviña B, Gouveia L, Sun Y, Raschperger E, Räsänen M, Zarb Y, 
Mochizuki N, Keller A, Lendahl U, Betsholtz C. 2018. A molecular atlas of cell 
types and zonation in the brain vasculature. Nature 80:844. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1448

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-347032

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	Supervisors and Examining Board
	List of Papers
	Other papers by the author
	Contents
	Abbreviations
	Introduction
	Platelet-derived growth factors
	PDGF ligands
	PDGF receptors
	Expression and developmental roles of PDGFRα, PDGF-A and PDGF-C

	The lung
	Lung development
	Mechanisms of injury and stem/progenitor cells in the lung

	PDGFs and lung
	Methods
	Mouse models
	Systemic perfusion
	Lung perfusion and inflation
	X-gal Staining
	Tissue sample preparation
	RNA extraction and quantitative PCR
	Histology and immunofluorescence (IF)
	Microscopy
	Image analysis

	Present investigations
	Paper I.
	Paper II
	Paper III
	Paper IV

	Future Perspectives
	Acknowledgements
	References



