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Abstract

Nestin, a well-known marker of neuronal stem cells, was recently suggested to characterise stem 

cell-like progenitors in non-neuronal structures during development and tissue repair. Integrating 

novel morphological approaches (CLARITY), we investigate whether nestin expression defines 

the proliferating cell population that essentially drives vascular remodelling during development of 

pulmonary hypertension.

The role of nestin was investigated in lungs of nestin-GFP (green fluorescent protein) mice, 

models of pulmonary hypertension (rat: monocrotaline, SU5416/hypoxia; mouse: hypoxia), 

samples from pulmonary hypertension patients and human pulmonary vascular smooth muscle 

cells (VSMCs).

Nestin was solely found in lung vasculature and localised to proliferating VSMCs, but not 

bronchial smooth muscle cells. Nestin was shown to affect cell number and was significantly 

enhanced in lungs early during development of pulmonary hypertension, correlating well with 

increased VSMC proliferation, expression of phosphorylated (activated) platelet-derived growth 

factor receptor β and downregulation of the smooth muscle cell differentiation marker calponin. At 

later time points when pulmonary hypertension became clinically evident, nestin expression and 
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proliferation returned to control levels. Increase of nestin-positive VSMCs was also found in 

human pulmonary hypertension, both in vessel media and neointima.

Nestin expression seems to be obligatory for VSMC proliferation, and specifies lung vascular wall 

cells that drive remodelling and (re-)generation. Our data promise novel diagnostic tools and 

therapeutic targets for pulmonary hypertension.

Introduction

Nestin is a class VI intermediate filament. It was first found in neuronal stem cells [1], 

although nestin expression has been described in progenitor cells of other organs during 

development and in adult tissue during repair, as reviewed by WIESE et al. [2]. Nestin-

expressing cells from different tissues were assigned characteristics similar to stem cells [2].

Only a few previous studies localised nestin to vascular wall cells, which include vascular 

smooth muscle cells (VSMCs) and pericytes [3–6]. We demonstrated nestin+ VSMCs and 

pericytes as progenitors of testosterone-producing Leydig cells [4], and their clonogenic 

self-renewal as well as their differentiation into neural and mesenchymal cell lineages was 

described recently [7].

Resident progenitor cells have been described in different cell populations of the lung [8, 9], 

but studies on the expression, localisation and function of nestin in the lung, during both 

development and repair, were only recently started by us and others [10–12]. In the adult 

lung, structural alterations are found under various pathological conditions, e.g. pulmonary 

hypertension, where remodelling of the vasculature predominates. In pulmonary 

hypertension, vasoconstriction, thrombosis and remodelling can be found as the pathological 

triad in the resistance vessels of the lung [13]. During the process of remodelling, 

reconstruction of the intima with endothelial cell excrescences, proliferation of VSMCs and 

a resulting obliteration of the vessels were described [13, 14]. Meanwhile, there is increasing 

evidence that endothelial cells do not proliferate in hypoxia-induced pulmonary 

hypertension [15], but the adventitia is also involved in the development of pulmonary 

hypertension [8]. Growth factors such as platelet-derived growth factor (PDGF) and its 

receptor (PDGFR) were found to be essential for the development of pulmonary 

hypertension, mediating proliferation and migration of VSMCs [16]. However, the 

proliferating cell population of vascular media has not yet been characterised in detail. In 

particular, there are no data indicating whether proliferating cells of the vascular media 

represent nestin-expressing progenitor cells.

The present study investigates the correlation of nestin expression with cell proliferation and 

vascular remodelling during development of pulmonary hypertension.
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Materials and methods

Animals and tissues

The generation of nestin-GFP (green fluorescent protein) transgenic mice, expressing GFP 

under the control of the nestin gene promoter and a transcriptional enhancer that resides in 

the second intron of the gene, has been described previously [17].

Hypoxic pulmonary vascular remodelling in mice was induced by exposing C57BL/6 mice 

(Charles River Laboratories, Sulzfeld, Germany; at least five mice for each time point) to 

chronic hypoxia (normobaric; 10% O2) in a ventilated chamber as described previously [18].

To induce pulmonary hypertension in rats, adult male Sprague-Dawley rats (Charles River) 

were subcutaneously injected with 60 mg·kg−1 monocrotaline (MCT; Sigma, Munich, 

Germany) [19]. Alternatively, rats were injected subcutaneously with the vascular 

endothelial growth factor receptor 2 inhibitor SU5416 (20 mg·kg−1) followed by exposure to 

chronic hypoxia (normobaric; 10% O2) for 5 weeks.

Human explanted lung tissues were obtained during lung transplantation. Samples of donor 

lungs were taken from lungs that had not been transplanted.

For Western blot analyses, lung samples were frozen directly. For paraffin embedding, 

samples were fixed in Bouin fixative. For cryosections, lungs were either frozen directly or 

fixed with 4% paraformaldehyde at room temperature and impregnated with 30% sucrose-

PB.

All experiments were approved by the local authorities (Regierungspräsidium Giessen; 17a–

10c 20/15 (1)-Gi20/10-3/95 and 25.3-19c 20/15(1)-Gi20/10-20/99). The study protocol for 

tissue donation was approved by the Ethics Committee of the Medical Faculty (Justus-

Liebig University Giessen, Germany) according to national law and with “Good Clinical 

Practice/International Conference on Harmonisation” guidelines. Written consent was 

obtained from each individual patient or the patient’s next of kin (AZ 31/93).

Immunostaining

Immunohistochemistry was performed on frozen or paraffin-embedded tissue from mice, 

rats or humans and on human pulmonary artery smooth muscle cells (HPASMCs) in 

chambered slides. After microwave unmasking (for anti-Ki-67), sections were incubated 

with the following antibodies: monoclonal mouse anti-nestin (clone R401; Chemicon, 

Schwalbach, Germany; 1:100, for rat samples), mouse anti-nestin (BD Transduction, 

Heidelberg, Germany; 1:50, for mouse samples), mouse anti-nestin (Santa Cruz, Heidelberg, 

Germany; 1:50, for human samples), rabbit anti-calponin-1 (Epitomics, Hamburg, Germany; 

1:1000), mouse anti-CD31 (BD Pharmingen, Heidelberg, Germany; 1:500), rat anti-CD31 

(Dianova, Hamburg, Germany; 1:100), rabbit anti-von Willebrand factor (vWF) (Millipore, 

Billerica, MA, USA; 1:100), mouse anti-α-smooth muscle actin (SMA) (Serotec, Oxford, 

UK; 1:500), mouse anti-proliferating cell nuclear antigen (PCNA) (Chemicon; 1:25) and 

polyclonal rabbit anti-Ki-67 (Novocastra, Wetzlar, Germany; 1:1000). For paraffin sections, 

an EnVision double-staining kit (DAKO, Hamburg, Germany) was used for primary 
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antibody detection according to the manufacturer’s instructions. For frozen sections and 

cultured cells, primary antibodies were detected by incubating the slides with secondary 

antibodies conjugated with Cy3 (Jackson ImmunoResearch, West Grove, PA, USA; 1:500), 

Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA; 1:1000) or Alexa Fluor 594 

(Molecular Probes; 1:1000). Cell nuclei of frozen sections were additionally stained with 4′,

6-diamidino-2-phenyl-indole (DAPI) (Sigma).

CLARITY

The CLARITY procedure is described in the online supplementary material.

Small interfering RNA transfection and assessment

HPASMCs were transiently transfected with nestin small interfering RNA (siRNA) 

(sc-36032; Santa Cruz) using Lipofectamine RNAiMAX transfection reagent (Invitrogen, 

Karlsruhe, Germany). Details to the siRNA and cell counting procedures are given in the 

online supplementary material.

Protein preparation and immunoblotting

Preparation of membrane and cytosolic proteins from lung tissue and HPASMCs, separation 

by SDS-PAGE under reducing conditions, and transfer of proteins to nitrocellulose 

membranes were performed as described previously [4]. After staining the membranes with 

Ponceau S (Sigma) and blocking the nonspecific binding sites, blots were exposed to 

primary antibodies: monoclonal mouse anti-nestin (Chemicon; 1:1000), mouse anti-nestin 

(BD Transduction; 1:1000), mouse anti-nestin (Santa Cruz; 1:200), mouse anti-vinculin 

(Sigma; 1:30000), mouse anti-β-actin (Sigma; 1:20000), mouse anti-SMA (Sigma; 1:5000), 

polyclonal rabbit anti-PDGFR-β (Upstate, Schwalbach, Germany; 1:500), rabbit anti-

phospho-PDGFR-β (p-PDGFR-β) (Santa Cruz; 1:250), rabbit anti-poly (ADP-ribose) 

polymerase 1 (PARP1) and rabbit anti-cleaved PARP (Cell Signaling Technology, Frankfurt, 

Germany; 1:1000). After washing, the membranes were probed with peroxidase-conjugated 

goat anti-rabbit IgG or goat anti-mouse IgG (Pierce, Rockford, IL, USA; 1:2000). 

Immunoreactive bands were visualised by enhanced chemiluminescence [4]. Densitometric 

quantification was performed using ImageJ software (NIH, Bethesda, MD, USA).

Statistical analysis

Statistical analysis was performed using Prism 4 (GraphPad, San Diego, CA, USA). All data 

are presented as mean±SEM. Statistical significance was established at p<0.05, using the 

unpaired t-test with Welch’s correction.

Results

Nestin in lung vasculature

Nestin-GFP transgenic mice were investigated to determine the localisation of the 

intermediate filament nestin in lung. Distinct and exclusive nestin-GFP expression was 

observed in vessels (figure 1 and online supplementary video using a new CLARITY 

approach). Nestin-GFP+ cells were found in arteries, capillaries and veins (figure 1b and c). 
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In contrast, the airway system lacked nestin-GFP+ cells (figure 1a and c, and online 

supplementary video; see also figure 2i–k).

Nestin is localised to VSMCs

Here, we focused on nestin expression in lung arteries. To investigate which cell types 

express nestin, we used the endothelial marker CD31 and the smooth muscle cell-specific 

marker SMA. Nestin-GFP+ cells could be clearly differentiated from CD31+ cells (figure 

2a–h), whereas co-localisation of nestin-GFP and SMA was observed (figure 2i–q). Smooth 

muscle cells of the bronchioli also showed SMA staining, but no nestin-GFP signal (figure 

2i–k). The GFP staining, observed in the cytoplasm and cell nuclei as described previously 

[17] (see figure 2l–o), was visible only in a subpopulation of SMA+ cells (figure 2p–q).

Nestin expression and cell proliferation in animal models of pulmonary hypertension

We investigated potential changes in nestin expression in different models of pulmonary 

hypertension that are characterised by structural changes of the lung associated with high 

cell proliferation.

Hypoxic mouse model—Cell proliferation (indicated by Ki-67 and PCNA) and the time 

course of nestin expression were investigated in the hypoxic mouse model (figure 3). Nestin 

expression significantly increased in lungs of hypoxia-exposed animals between 3 days and 

1 week, but returned to normoxic levels after 3 weeks (figure 3a and b). In this model, 

vascular remodelling is known to be histologically visible and pulmonary hypertension is 

clinically evident at later time points different to the days of nestin peaks. Expression of 

SMA, however, barely differed among single time points (online supplementary figure S1).

An increased number of PCNA+ and Ki-67+ VSMCs was detectable after 3 days to 1 week 

of hypoxic treatment (figure 3c and n). After 3 weeks, PCNA+ and Ki-67+ VSMCs could 

hardly be observed (figure 3f and j), corresponding to low nestin expression.

Double staining of hypoxic samples with SMA and PCNA indicated that SMA+ cells are the 

predominant cell population showing proliferation in hypoxia-induced vascular remodelling 

(figure 3k–l). Nestin was found in proliferating VSMCs as demonstrated by co-localisation 

of nestin and Ki-67 (figure 3m–n).

In addition, Western blot analyses of the time course of activated (phosphorylated) PDGFR-

β, which is known to contribute to the development of pulmonary hypertension, also showed 

transiently elevated expression between 4 and 7 days of hypoxia (figure 4b–d), whereas 

expression of total PDGFR-β slightly increased alongside progressing pulmonary 

hypertension (figure 4a).

In agreement with the hypoxic model, rapid remodelling of lung vasculature during post-

natal development was also characterised by high nestin expression and a high number of 

proliferating (PCNA+) VSMCs (online supplementary figure S2), with a peak between post-

natal days 3 and 10 and a decline towards adulthood. Interestingly, the smooth muscle cell 

differentiation marker calponin (nearly exclusively expressed by bronchial smooth muscle 

cells; data not shown) showed an inverse correlation to nestin (online supplementary figure 
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S2), whereas expression of the general smooth muscle cell marker SMA (expressed by all 

smooth muscle cells; data not shown) remained unchanged. The same was found in VSMCs 

of the hypoxic pulmonary hypertension model (data not shown).

Nestin expression in rat models of pulmonary hypertension—To investigate 

whether nestin+/SMA+ cells are also involved in vascular remodelling in rats, nestin 

expression was evaluated in MCT-treated (figure 5) and SU5416/hypoxia-treated (figure 6) 

rat lungs.

MCT rat model: Immunohistochemical analyses revealed nestin+ cells 3 weeks after MCT 

treatment (figure 5a). As shown by double staining, co-localisation of nestin and SMA was 

observed in VSMCs (figure 5b). Staining of serial sections with nestin and the endothelial 

cell markers vWF (figure 5c and d) and CD31 (figure 5e and f), however, could exclude 

nestin expression from endothelial cells.

In MCT-treated samples, nestin upregulation was only observed in the pulmonary artery. In 

the aorta, however, no difference in nestin expression was detectable between MCT-treated 

and control/untreated animals (online supplementary figure S3). We therefore suggest that 

changes in nestin expression after MCT treatment are specific for the pulmonary circulation, 

reflecting the peculiarities of MCT metabolism [20].

SU5416/hypoxia rat model: Similarly, in lungs from the SU5416/hypoxia model, nestin 

expression in VSMCs of the arterial media could be confirmed by double staining with SMA 

(figure 6a and b) as well as by serial sections stained for nestin with CD31 (figure 6c and d) 

and SMA (figure 6e and f).

In certain arteries (∼60–80 μm diameter) of rats from this model, which is also characterised 

by distinct neointima formation [21], a thickened intima of different phenotype could be 

observed. In all such arteries, nestin was expressed in a subpopulation of SMA+ cells of the 

media and, most interestingly, also in SMA+ cells of the intima (figure 6g versus h, i versus 
j, k versus l and m versus n). When different arteries with thickened intima, correlating to 

different grades of neointimal development [21], were compared, a decrease of nestin+/SMA
+ cells in the inner part of the media together with an increase of nestin+/SMA+ cells in the 

(neo)-intima became evident during development (figure 6g–n). Endothelial cells of the 

vessels with complex neointima formation also did not show nestin immunostaining (figure 

6k and m, inset).

Nestin expression and function in human samples

Next, we studied the role of nestin in humans.

Human samples from patients suffering from pulmonary hypertension—In 

healthy controls (figure 7a), nestin+ cells were barely detectable. In human pulmonary 

hypertension, however, an increased number of nestin+ cells was found in the media of 

regular lung arteries (figure 7b) as well as in specific vascular lesions which have been 

described to be also characteristic for human pulmonary hypertension [22] (figure 7d, e, g 

and i). In agreement with the animal models, nestin expression could be ascribed to smooth 
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muscle cells as indicated by staining of serial sections for nestin and SMA (figure 7b and c, 

g and h, and i and j) or for nestin and vWF (figure 7e and f). In general, the number of nestin
+ VSMCs was lower in those vessels in which pathological changes were already 

pronounced. For comparison, samples with idiopathic pulmonary fibrosis (IPF) were 

investigated and interestingly also showed nestin+ VSMCs in the arterial media (figure 7k 

and l).

Human isolated pulmonary VSMCs—To address nestin function, we employed a gene 

ablation approach using nestin siRNA in isolated HPASMCs and revealed a reduced cell 

number associated with nestin knock-down (online supplementary figure S4). In this 

context, there was no evidence for enhanced apoptosis (online supplementary figure S4). 

Nestin siRNA-treated HPASMCs did not show expression of the apoptosis marker cleaved 

PARP (produced by caspase cleavage), which is different to the full-length PARP enzyme. 

Staurosporine-treated HeLa cells served as a positive control in these Western blot assays.

In agreement, untreated HPASMCs showed double staining for both nestin and the 

proliferation marker Ki-67 (online supplementary figure S4). Only a few cells of a more 

differentiated phenotype failed to express nestin and instead were positive for markers of 

differentiated smooth muscle cells, such as calponin [23, 24] (online supplementary figure 

S4).

Discussion

We were able to identify the intermediate filament nestin, known to characterise progenitor 

cells in the nervous system, in a subpopulation of VSMCs involved in vascular remodelling 

during the development of pulmonary hypertension. Summarising the data of different 

models and human samples of pulmonary hypertension, we suggest that increased nestin 

expression is the first evidence of the changes in the vasculature, immediately followed by 

proliferation of nestin+/SMA+ cells, activation of the PDGFR-β [16, 19] pathway and 

decrease of calponin, whereas SMA expression remained nearly unchanged (figure 8).

Using different methods, including novel CLARITY [25] approaches, nestin expression was 

exclusively found in VSMCs and was never detected in (para)bronchial smooth muscle cells 

or other proliferating cell types of the lung, such as bronchial epithelial cells. We therefore 

suggest that nestin is neither a simple proliferation marker for lung cells nor a simple marker 

of lung smooth muscle cells. Instead, nestin marks exclusively VSMCs during proliferation, 

which is a rare event under physiological conditions [26], but is provoked during vascular 

remodelling [27, 28]. In nearly all previous papers dealing with nestin-expressing cells, 

nestin marks progenitor or stem cells [1, 2]. Thus, it can be assumed that nestin+ cells in the 

lung also label a special type of cell. Currently, we cannot decide whether nestin+ cells 

represent true stem/progenitor cells of the vascular media or mark a synthetic phenotype of 

VSMCs.

In the latter case, our results would provide convincing evidence for a specific and 

functionally relevant marker protein of synthetic VSMCs, allowing them to be discriminated 

from all other smooth muscle cells. VSMCs are considered to de-differentiate and change 
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their phenotype from contractile to synthetic under certain conditions [27], including 

vascular remodelling [26, 27]. In this study, expression of calponin marking differentiated 

smooth muscle cells [23, 24], in contrast to the more general contractile marker SMA, 

negatively correlated with nestin expression and proliferation of VSMCs. Similarly, nestin 

expression in isolated pulmonary VSMCs (HPASMCs) was found in proliferating Ki-67+ 

cells, but not in calponin+ cells.

Assuming that nestin+ cells indeed represent stem/progenitor cells also in lung, our data 

would argue for the provocative theory that only a certain population of vascular smooth 

muscle (stem) cells is capable of proliferation in the vascular media [27]. Our previous 

results in testis [4] also showed nestin+ progenitor cells residing in the vessel wall.

Interestingly, after 3 weeks under hypoxia, when complete histological characteristics and 

distinct clinical symptoms are established, expression of nestin and proliferation return to 

low levels again. PADDENBERG et al. [29] proposed that cell proliferation in the first week 

is followed by hypertrophy of VSMCs. Our study now allows us to identify the 

subpopulation of proliferating SMA+ cells by expression of nestin, which can be regarded as 

an initial indicator for structural vascular changes.

In all pulmonary hypertension models, we were able to demonstrate nestin+/SMA+ cells in 

arterial media. The SU5416/hypoxia model can be distinguished by characteristic vascular 

lesions, including formation of neointima [21]. Neointima is formed as a result of 

proliferation and migration of vascular cells towards the lumen, and smooth muscle cells 

were suggested to be the main contributors to this process [14, 26, 30, 31]. In our study, we 

found that neointima SMA+ cells of lung arteries also express nestin comparable to balloon-

injured carotid arteries [6]. The types of neointima lesions we detected in the SU5416/

hypoxia model correspond to the different grades of neointimal lesions occurring over time, 

as described previously [21]. Thus, the nestin+/SMA+ cells might be the particular cells 

migrating into and proliferating in the intima.

Human lungs of end-stage pulmonary hypertension are characterised by complex vascular 

lesions [22] and also comprise vessels in which morphological changes are not yet visible. 

Nestin is also expressed by VSMCs in both types of vessels. In regular vessels, nestin 

expression can be found in the vast majority of VSMCs, whereas vessels with pathological 

changes are characterised by only a few scattered nestin+ VSMCs. This characteristic 

relationship suggests the involvement of nestin+/SMA+ cells also in the formation of 

vascular lesions of human pulmonary hypertension, where accumulation of “SM-like cells” 

was described [9].

Nestin-ablated HPASMCs did not show an increase in cell number compared with controls 

without evidence of apoptosis. These findings support a functional association of nestin 

expression with regulation of cell number that has also been evoked in previous studies 

where nestin knock-down by siRNA was shown to effectively suppress the growth of C6 

astrocytoma cells [32]. In addition, microRNA miR-125b was recently found to inhibit 

neural progenitor cell proliferation by targeting nestin [33]. The molecular role of nestin is 

still undefined, but phosphorylation and dephosphorylation of nestin may modulate 
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cytoskeletal assembly and turnover [34], likely playing a significant role in increased 

cytoplasmic trafficking of stem/progenitor cells undergoing proliferation, migration and 

differentiation [1, 35, 36]. Regarding the function of nestin, however, it has to be considered 

that nestin knockout mice appear to be viable [37].

In the present study, as well as in our previous study in testis [4], we found nestin not only in 

VSMCs, but also in pericytes of capillaries, in agreement with more recent reports [12, 38]. 

Pericytes, in addition to other functions [39], have been shown to represent stem/progenitor 

cells for cell types such as adipocytes, chondroblasts, osteoblasts, skeletal muscle fibres, 

Leydig cells and neuronal cells [4, 5, 39]. Leydig cell progenitors were found to be not only 

nestin+ pericytes, but also nestin+ VSMCs [4]. Whether nestin+ VSMCs in lung also 

represent progenitors for extravascular cell types remains speculative, but was recently 

discussed intensively for endothelial denudation injury of carotid arteries [27, 40]. 

Interestingly, tissue from patients with chronic thromboembolic pulmonary hypertension 

was described to contain progenitor cells which were able to give rise to adipocytes and 

underwent osteogenic differentiation [9].

TANG et al. [40] tested nestin expression in their proposed VSMC progenitors after several 

days in cell culture. The authors interpreted nestin expression as a developmental step 

towards cells of the neural lineage. Nestin expression in cells prior to or immediately after 

isolation was, however, not investigated. We propose that nestin expression does not indicate 

neural differentiation, but represents a specific characteristic of progenitor cells/VSMCs 

implicated in proliferation.

Endothelial cells were nestin− and did not show any proliferation in pulmonary vascular 

remodelling. This finding is consistent with previous data where endothelial cells did not 

show proliferation in mice and rats with hypoxia-induced pulmonary hypertension in vivo, 

and in human pulmonary artery endothelial cells also under hypoxia in vitro [15]. However, 

a series of studies had also suggested the relevance of endothelial progenitor cells [9].

Interestingly, in human tissue, we found high nestin expression beyond pulmonary 

hypertension also in arterial media of IPF lungs. Pulmonary fibrosis is associated with 

vascular changes as patients suffering from fibrosis may also develop severe pulmonary 

hypertension [41]. These nestin+ cells may contribute to fibrotic processes as a source of 

myofibroblasts, in agreement with other studies [11].

Here, we describe nestin as a functionally relevant marker of undifferentiated cells 

promoting tissue regeneration and repair. In oncology, nestin has been described as a 

prognostic marker for survival, allowing the development of individualised treatment options 

[42, 43]. In our hypoxic model, nestin expression appears earlier than the clinical and 

histological symptoms in the progression of pulmonary hypertension. Thus, certain vascular 

cells implicated in proliferation can be identified by nestin, and may be used as prognostic 

markers and new therapeutic targets for devastating diseases such as pulmonary 

hypertension.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Localisation of nestin-GFP (green fluorescent protein) in lung vasculature. a) Nestin-GFP+ 

cells are detectable in pulmonary blood vessels (bv); bronchioli (b) are nestin-GFP−; day 1. 

b) (detail of panel a at higher magnification) Nestin-GFP+ cells in arteries (a) and capillaries 

(asterisks mark the lumen); day 1. c) Nestin-GFP+ cells in arteries (a) and veins (v); 

bronchioli (b) are nestin-GFP−; day 1. Scale bars: a, c) 100 μm; b) 50 μm.
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FIGURE 2. 
Nestin-GFP (green fluorescent protein) is co-localised with the smooth muscle cell marker 

smooth muscle actin (SMA), but not with the endothelial cell marker CD31. a–h) Nestin-

GFP (green) and CD31 (red) (a–d, h: day 1; e–g: adult). a–d) Artery (a): nestin-GFP is not 

co-localised with CD31. Bronchioli (b) are nestin-GFP− (a: CD31; b: nestin-GFP; c: 
merge). d) (detail of panel c at higher magnification) The nestin-GFP+ vascular smooth 

muscle cell (VSMC) (m) is outside of CD31+ endothelial cells (e). e, f) Single nestin-GFP+ 

VSMCs (m). They are not co-localised with CD31+ endothelial cells (e). g) (confocal 

microscopy) Clear separation (labelled by “1”) between the CD31+ layer of endothelial cells 

(e) and the nestin-GFP+ layer of VSMCs (m). h) Additional staining with 4′,6-diamidino-2-

phenyl-indole (DAPI); DAPI clearly reveals the nuclei from CD31+ endothelial cells (e). m: 

nestin-GFP+ VSMC. i–q) Nestin-GFP (green) and SMA (red) (i–o: day 1; p, q: adult). i, j) 
Nestin-GFP+/SMA+ arteries (a) are adjacent to a nestin-GFP−/SMA+ bronchiolus (b) (i: 
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SMA; j: SMA and nestin-GFP). k) (detail of panel j at higher magnification) Nestin-GFP
+/SMA+ VSMCs of arteries (a); smooth muscle cells of bronchioli (mb) are SMA+/nestin-

GFP−. The epithelium of bronchioli (eb) is SMA−. l) (detail of an artery of panel k at higher 

magnification) Nestin-GFP+/SMA+ VSMCs (m) of an artery (a). m–o) (m: nestin-GFP; n: 

SMA; o: merge) Nestin-GFP+/SMA+ VSMC (m). SMA is present in the cytoplasm (n: red), 

Nestin-GFP is located to the cytoplasm (o: yellow) and the nucleus (o: green). p, q) Only a 

subpopulation of VSMCs is nestin-GFP+. Nestin-GFP+/SMA+ VSMCs (m1); nestin-GFP
−/SMA+ VSMCs (m2) (q: confocal microscopy). Scale bars: a–c) 75 μm; d, m, n, o) 15 μm; 

e–g, q) 20 μm; h, l, p) 25 μm; i, j) 100 μm; k) 50 μm.
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FIGURE 3. 
Hypoxic mouse model. Nestin expression and cell proliferation in wild-type mice after 

hypoxia (HOX). a) Immunoblots demonstrate increased nestin expression after hypoxia; the 

maximum of nestin expression is between 3 days and 1 week after hypoxia followed by 

decrease in expression after 3 weeks (120 μg cytosolic protein). b) Densitometric 

quantification of nestin. Bars show mean±SEM scores from three assessments with β-actin 

as loading control. #,¶p<0.01 (#: normoxia (NOX) was compared with 3 days, 4 days and 1 

week;¶: 3 weeks was compared with 3 days, 4 days and 1 week). c–f) Proliferating cell 

nuclear antigen (PCNA) immunostaining. c) Normoxia: no PCNA-marked cells. d, e) 3 days 

hypoxia (d) and 1 week hypoxia (e): numerous PCNA-marked vascular smooth muscle cell 

(VSMCs). f) 3 weeks hypoxia: no PCNA-marked cells. g–j) Ki-67 immunostaining. g) 
Normoxia: no Ki-67-marked cells. h, i) 3 days hypoxia (h) and 1 week hypoxia (i): 
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numerous Ki-67-marked VSMCs. j) 3 weeks hypoxia: no Ki-67-marked cells. k, l) 3 days 

(k) and 4 days (l) hypoxia: PCNA (brown) is localised to smooth muscle actin (SMA)+ 

VSMCs (red). m, n) 3 days (m) and 4 days (n) hypoxia: the proliferation marker Ki-67 (red, 

arrowhead) is co-localised with nestin (green, arrow) in the same cell. Nuclei are stained 

with 4′,6-diamidino-2-phenyl-indole (DAPI) (blue). 1d: 1 day; 3d: 3 days; 4d: 4 days; 1w: 1 

week; 3w: 3 weeks. Scale bars: a, g, k–n) 75 μm; d–f, h–j) 75 μm.
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FIGURE 4. 
Platelet-derived growth factor receptor β (PDGFR-β) expression in hypoxic mouse lung 

samples. a) PDGFR-β Western blot shows only a slight increase in PDGFR-β expression 

during hypoxic exposure towards 3 weeks (30 μg membrane protein). b) Phospho (p)-

PDGFR-β Western blot shows a peak of activated (phosphorylated) PDGFR-β after 4 days 

hypoxia (30 μg membrane protein). c) Densitometric quantification of p-PDGFR-β 
expression. Bars show mean±SEM scores from three assessments. #: p<0.01 indicates 

significant differences in p-PDGFR-β expression between 3 and 4 days as well as between 1 

and 3 weeks. Vinculin was used as loading control. d) PDGFR-β activity expressed as p-

PDGFR-β/PDGFR-β ratio. NOX: normoxia; 1d: 1 day; 3d: 3 days; 4d: 4 days; 1w: 1 week; 

3w: 3 weeks.
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FIGURE 5. 
Rat monocrotaline (MCT) model. Nestin immunostaining in rat lungs 3 weeks after MCT 

treatment. a) Single nestin+ vascular smooth muscle cells (VSMCs) (arrows) in an artery (a). 

b) Nestin (brown, arrows) is localised to a subpopulation of smooth muscle actin (SMA)+ 

cells (red). c, d) Serial sections of nestin (c: arrows) and von Willebrand factor (vWF) (d: 

asterisks) immunostaining. Bronchioli (b). e, f) Serial sections of nestin (e: arrows) and 

CD31 (f: asterisks) immunostaining. Scale bars: a, b) 50 μm; c–f) 25 μm.
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FIGURE 6. 
SU5416/hypoxia rat model of pulmonary hypertension. a) Nestin staining (brown, arrows) in 

the wall of an artery (a). b) Double staining, nestin (brown, arrows) in a subpopulation of 

smooth muscle actin (SMA)+ vascular smooth muscle cells (VSMCs) (red). c, d) Serial 

sections of nestin (c: arrows) and CD31 (d: asterisks) immunostaining. e, f) Serial sections 

of nestin (e: arrows) and SMA (f: asterisks mark SMA− endothelial cells) immunostaining. 

g–n) Different grades of neointima development. Serial sections stained for nestin (g, i, k, 
m: arrows) and SMA (h, j, l, n: arrowheads) in the (neo)intima (#) and media (Δ) of arteries 
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(60–80 μm) of the single stages (g and h, i and j, k and l, and m and n). Note the decrease of 

nestin+/SMA+ cells in the media in contrast to their increase in the (neo)intima from g/h to 

m/n. Endothelial cells in the inset of panel m are marked with asterisks. Scale bars: a, b, g–
n) 50 μm; c, d) 25 μm; e, f) 10 μm.
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FIGURE 7. 
Human lungs. a) Healthy lung. No nestin-expressing cells. b–j) Pulmonary hypertension 

(PH) lungs. b, c) Serial sections of a regular artery stained for nestin (b: arrows) and smooth 

muscle actin (c: asterisks mark SMA− endothelial cells). d) Artery with complex lesion 

stained for nestin (arrows). e–j) Serial sections of three different arteries with complex 

lesions stained for nestin (e: arrows) and von Willebrand factor (vWF) (f, inset: arrows) as 

well as nestin (g, i: arrows) and SMA (h, j: asterisks mark SMA negative-endothelial cells). 

k–l) Idiopathic pulmonary fibrosis (IPF) lung. Nestin immunoreactivity in smooth muscle 
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cells (arrows) of the arterial media. Asterisks mark lack of nestin staining in endothelial 

cells. Scale bars: a–d, g–j) 50 μm; e, f, k, l) 10 μm.
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FIGURE 8. 
Schematic demonstration of temporal changes in vascular remodelling during the 

development of pulmonary hypertension. Nestin appears as the first indicator of structural 

changes together with proliferation of vascular smooth muscle cell (VSMC) progenitor cells 

followed by activation of platelet-derived growth factor receptor β (PDGFR-β) (indicated by 

phospho (p)-PDGFR-β) and the decrease of calponin. Smooth muscle actin (SMA) 

expression remained unchanged. The dotted line indicates clinically established pulmonary 

hypertension.
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