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Abstract

Background and aims: Liver fibrosis results from cycles of liver damage and scar formation. We 

herein aimed at analyzing neural crest cells and/or bone marrow stromal cells contribution to the liver. 

Methods: two liver fibrosis and one hepatectomy models were applied on double-transgenic loxP-Cre 

mouse lines. Results: Increased numbers of glia with more complex processes were found in fibrotic 

livers. During embryonic development, only few cells were traced in the liver and bone marrow, in a 

minor fraction of mice of different neural crest reporter strains analyzed: therefore, a neural crest 

origin of such cells is doubtful. In the fibrotic liver, a significantly higher incidence of endothelial 

cells and hepatocyte-like cells expressing the reporter gene Tomato were found in Wnt1-Cre-Tom and 

GLAST-CreERT2-Tom mice. Consistently, during early fibrogenesis stromal Wnt1-traced cells, with 

progenitor (CFU-F) properties, get likely mobilized to peripheral blood. Circulating adult Wnt1-

traced cells are stromal cells and lack from the expression of other bone marrow and endothelial 

progenitor cells markers. Furthermore, in a 70% hepatectomy model GLAST+ Wnt1-traced pericytes 

were found to be mobilized from the bone marrow and the incidence of GLAST-traced hepatocyte-

like cells was increased. Finally, GLAST-traced hepatocyte like-cells were found to maintain the 

expression of stromal markers. Conclusions: Our data suggest a gliosis process during liver 

fibrogenesis. While neural crest cells probably do not contribute with other liver cells types than glia, 

GLAST+ Wnt1-traced bone marrow pericytes are likely a source of endothelial and hepatocyte-like 

cells after liver injury and do not contribute to scarring.
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In the fibrotic liver, a gliosis process is herein reported. A subpopulation of Wnt1-traced bone marrow 

stromal progenitor cells expresses GLAST during postnatal development, and likely contributes with 

endothelial and hepatocyte cells in the fibrotic liver. Moreover, they were found to likely contribute to 

liver regeneration; furthermore, those cells maintain the expression of stromal markers after having 

acquired a hepatocyte phenotype.  
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Introduction

Liver fibrosis is a wound healing process common to all hepatic chronic diseases (1). Repeated cycles 

of damage and scar formation could evolve into cirrhosis, the most advanced stage of this disease. 

Liver transplantation still remains as its only efficient treatment (1, 2). Therefore and due to the 

scarcity of donors, new therapeutic approaches are urgently needed. If bone marrow progenitors with 

hepatocyte-like potential were present in the body, such strategies might involve their enhanced 

mobilization and recruitment to the liver. Alternatively, such progenitors would be expanded ex vivo 

and used to generate artificial organs or tridimensional structures with liver functionality.

The neural crest is an embryonic tissue that delaminate from the dorsal roof of the early neural tube 

and migrate long distances through the body (3). Most of migratory neural crest cells (NCCs) are 

multipotent (4) and a subpopulation (boundary cap cells) maintains such properties all through 

embryonic stages in mouse (5). Neural crest-derived cells (NCDCs) show a remarkable 

developmental plasticity since they were found to originate not only neuroectodermal cells but also 

fibroblasts, bone, muscle and adipocytes (3). More recently, a subpopulation of NCDCs, still known 

as Schwann cell precursors (SCPs), in contact to early growing peripheral axons, were found to 

contribute with different kinds of peripheral neurons and glia, as well as to dental pulp mesenchymal 

stem cells (MSCs), endoderm fibroblasts and melanocytes (6, 7). Nagoshi et al (8) suggest that 

NCDCs might get mobilized through peripheral blood at mouse embryonic days 12-14 (E12-14) (8); 

hence it is possible some contribution of NCDCs to non-neural cells of the liver and bone marrow 

(BM). Moreover, many reports showed that some NCDCs from the adult BM were shown to 

contribute in vitro with MSCs (9, 10). Nevertheless, the in vivo phenotype and developmental 

potential of these BM cells remain largely unknown. Moreover, it is intriguing how and why BM-

MSCs are able to differentiate into cells with phenotypic and functional properties of hepatocytes, 

when endoderm-derived cells cannot be found in such cultures (10).

Little is known regarding the contribution NCDCs to the liver. Although this tissue seems to be 

largely devoid of Peripheral Nervous System cells, no lineage tracing studies were performed so far to 

properly analyze this issue in health and disease. The fact that hepatic stellate cells also express 

activated glia markers during fibrogenesis (11) might partially explain this lack in knowledge. A
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The aim of this work was to analyze some of the roles played by NCDCs and/or bone marrow cells in 

the liver during fibrogenesis and regeneration, through mouse genetic tracing models. NCDCs seem 

to only contribute with liver glia during development and after injury. Our data suggest an extra 

hepatic-origin of some endothelial and hepatocyte-like cells, likely derived from GLAST+ Wnt1-

traced bone marrow stromal cells. 

Materials and Methods

Animal Models

For analyses of embryonic stages, PLP1CreERT2 (6) and Sox10CreERT2 (12) were crossed with Rosa26YFP 

mice. Tamoxifen (Tx; Sigma-aldrich T-5648; 20 mg/ml in corn oil) was injected at E9.5, E12.5 or 

E15.5 and embryos were dissected out and analyzed at E15.5 or E17.5. For adult tissue analyses, 

GLASTCreERT2 (13), NestinCre (Jackson stock Nº 003771), PLP1CreERT (14) and Wnt1Cre (Jackson 

stock Nº 022501 and 003829) were mated with Rosa26td-Tomato (Rosa26Tom). GLASTCreERT2;Rosa26Tom 

and PLP1CreERT;Rosa26Tom mice were Tx injected at P2 or P60. Animals were maintained at our 

Animal Resources Facility (Faculty of Biomedical Sciences, Austral University) in accordance with 

the guidelines of the Committee of Bioethics at the School of Biomedical Sciences of Austral 

University (CICUAL; 17/06), and experimental ethics committee and the National Institutes of Health 

(NIH) guidelines on the ethical use of animals.

In vivo fibrogenesis and hepatectomy models

Two models liver fibrosis were generated. Some 8 week-old double-transgenic mice were i.p. injected 

with thioacetamide (TAA; Sigma-Aldrich; 0.2 mg/g body weight; three times per week), for 1, 2 or 8 

weeks. Other animals of the same age were subjected to bile duct ligation (BDL). Briefly, animals 

were anesthetized with isofluorane 5% and oxygen 0.5-1.0 l/min and two ligatures using silk 6.0 

sutures were performed around the common bile duct with a survival time of 2 weeks.

For liver regeneration studies, eight-week old mice were anesthetized using isofluorane 5% and 

oxygen 0.5-1.0 l/min and a partial hepatectomy model was performed, in which 70% of the liver (the 

two main lobes) was removed, with a survival time of one week. 

In all cases, for quantification of liver tissue the minimum sample size per condition was 5.A
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For liver tissue analyses, animals were perfused with 4% paraformaldehyde in 1xPBS (Sigma 

Aldrich, St. Louis, MO), through the heart, and liver was dissected out and separated in lobes. After 

that they were post-fixed for 90 minutes and changed to sucrose 5-20% (Biopack, Buenos Aires, 

Argentina). Then, samples were separately embedded in OCT and cryosectioned at 12 μm. Tibias 

were post-fixed, treated with 10% EDTA for 2-3 weeks in 1xPBS, immersed in sucrose, embedded in 

OCT and sectioned at 14 μm. Regarding liver glia quantification, only cells located within liver 

parenchyma or surrounding small/medium portal veins (diameter < 400x microscope field) were 

included. For quantification of glia processes, sections thickness was of 18 μm.  

See Supplementary Materials and Methods 

Results

Contribution of Wnt1-traced cells with non-parenchymal cells during liver fibrogenesis

In order to characterize the in vivo contribution of NCDCs to the liver, we first analyzed adult tissue 

from Wnt1Cre;Rosa26Tom mice, with focus on non-parenchymal cells. As expected, NCDCs 

contributed with peripheral glia consisting of S100+ GFAP+ Vimentin+ Nestin-traced non-myelinating 

Schwann cells, surrounding portal veins (Figure 1A,B; Supplementary Figure 1B,D,E, and not 

shown). These cells were found to colonize the liver at perinatal stages during tissue innervation 

process (not shown). Liver Schwann cells typically show two long processes which follow the 

orientation of the portal vein wall (Figure 1C). 

We then established two models of fibrosis, one hepatotoxic (through chronic application of 

thioacetamide -TAA-, during 2 or 8 weeks) and the other cholestatic (by suturing the common bile 

duct -BDL-, with a post-injury survival time of 2 weeks). In the fibrotic liver, glial cells within 

parenchymal areas were found to significantly increase in numbers by more than two folds after 8 

weeks of TAA treatment or after BDL (Figure 1B). Numerous glial cells were found within some 

fibrotic bridges and in between hepatocytes within liver parenchyma (Supplementary Figure 1A). 

Similar results were obtained by flow cytometry analysis: the percentage of total liver Vimentin+ 

Tom+ cells was significantly higher after 2 weeks of TAA treatment when compared to control 

(Suppl. Figure 1B-D). Moreover, increased numbers of glia were also observed in the liver of A
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PLP1CreERT;Rosa26Tom (Tx: P2 and P60) and NestinCre;Rosa26Tom mice (not shown). Notably, a Sholl 

analysis showed an increase in the number of Schwann cells processes as well as in their total length, 

doubling their normal size (Figure 1A,C,D).    

Interestingly, in the fibrotic livers another non-parenchymal cell population was also traced by Wnt1, 

in many cases forming patches of cells unevenly distributed, in random regions of liver lobes. They 

consisted of Lectin+ S100- GFAP- Desmin- endothelial cells covering small vessels (Figure 1E). 

However, Wnt1-traced endothelial cells were very rarely found in some control naïve animals (Figure 

1F). While in most fibrotic livers the greatest proportion of Tom+ endothelial cells were found at the 

parenchyma capillaries, in uninjured tissue they were mostly found lining portal vessels (not shown). 

Numbers of Tom+ endothelial cells were significantly higher in fibrotic livers after 8 weeks of TAA 

treatment when compared to control (Figure 1F). Similar results were observed in BDL-treated mice, 

only when animals without any Tom+ endothelial cells were excluded (Figure 1F). From these results, 

we can conclude that the neural crest contribute with liver glial cells which get activated during 

fibrogenesis. Since only a proportion of control animals show Wnt1-traced endothelial cells, it is 

unclear whether or not such population would be neural crest-derived. The incidence of Wnt1-traced 

liver endothelial cells increased in the fibrotic liver.    

Contribution of Wnt1-traced cells with parenchymal cells during liver fibrogenesis

A rare incidence of HNF4α+ albumin+ CK18+ Tom+ hepatocyte-like cells (HLCs) was found in 

Wnt1Cre;Rosa26Tom adult control tissue (Figure 2A,B,E,F). Interestingly, fibrogenesis was seen to 

induce a significant increase in HLCs numbers (Figure 2C-F), ten-times higher in the hepatotoxic 

model than in naïve mice. This feature was evidenced by flow cytometry at earlier stages of 

fibrogenesis (2 weeks of TAA treatment) (Supplementary Figure 2). In most cases, Wnt1-traced 

HLCs were found spread in different regions of liver sections, as single cells or clusters.

We wondered whether these cells can be traced from Schwann cell precursors (SCPs) populating the 

liver during its innervation process, which takes place at perinatal stages in mice. With this aim 

PLP1CreERT;Rosa26Tom mice were used. However, Tx injection on these animals at postnatal day-2 

(P2) did not result in any appearance of Tom+ endothelial cells or HLCs, after 8 weeks of TAA 

treatment. Thus and considering that SCPs during liver innervation do not seem to originate HLCs, A
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we asked whether they could be of embryonic origin. With this aim, pregnant females carrying 

PLP1CreERT2;Rosa26YFP mice were Tx-injected at embryonic stage 12.5 (E12.5), which allows tracing 

of Schwann cell precursors (SCPs). Embryos were obtained at E15.5 or 17.5 for analyses of the 

phenotype of YFP+ cells in the liver. Many stromal-like YFP+ cells were found spread through 

sections at dorsal levels of the liver (Supplementary Figure 3), and they were found not to express 

hepatic stellate cells markers, such as Desmin and Vimentin (not shown); however, rare traced cells 

expressed the hepatocyte progenitor marker alpha-Fetoprotein (AFP) (Supplementary Figure 3D,E). 

When pregnant females were Tx-injected at E15.5 virtually no cells were found in liver sections; thus 

suggesting that E12.5 PLP1-traced cells originating HLCs downregulate the expression of PLP1 three 

days later. Nevertheless, when pregnant female carrying Sox10CreERT2;Rosa26YFP embryos were Tx-

injected at E9.5, few stromal-like cells were traced in dorsal aspects of the liver in some animals (not 

shown). A similar feature was observed at E16 in Wnt1Cre;Rosa26Tom mice (in 3 out of 9 embryos; not 

shown). Significant numbers of PLP1-traced cells were found in peripheral blood samples from Tx 

E12.5 when compared to samples from Tx E15.5 embryos (not shown). From these results, we could 

conclude that a subpopulation of stromal cells likely being recruited to the liver through peripheral 

blood express PLP1, Sox10 and/or are Wnt1-traced; alternatively, some NCDCs could sporadically 

contribute with such cells. Our data suggest that rare HLCs could be traced by Wnt1 in the adult; this 

feature probably involves a de novo activation of the promoter in non-neural crest cells. In addition, 

SCPs do not contribute with HLCs at postnatal stages. Finally, increased numbers of Wnt1-traced 

HLCs are found in the fibrotic liver when compared to control, which might suggest a more 

competitive regenerative capacity of these HLCs when compared to other resident hepatocytes. 

Contribution of Wnt1-traced cells with the bone marrow

Since most Wnt1-traced HLCs in the adult fibrotic liver do not likely proceed from the rare resident 

Wnt1-traced HLCs found in control conditions, we hypothesized that traced cells might be of an 

extra-hepatic origin. They might originate in BM progenitor cells which could be mobilized by injury 

and recruited to the liver. To address this issue we analyzed BM tissue from adult Wnt1Cre;Rosa26Tom 

mice. Many traced cells were found to consist of non-myelinating Nestin+ GFAP+ αSMA-, with 

different morphologies, in contact with Tuj1+ TH+ axons (Figure 3A-C,E and not shown). However, 

GFAP- Fibronectin+ perisinusoidal and periarteriolar stromal cells were also traced (Figure 3D,E, and A
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not shown). We then analyzed whether such stromal cells could be of neural crest origin. With this 

aim, pregnant females carrying Sox10CreERT2;Rosa26YFP embryos were Tx-injected at E9.5 and 

embryos were collected at 17.5. Only few stromal-like YFP+ cells were seldom found in the bone 

marrow (not shown). A similar result was seen in Wnt1Cre;Rosa26Tom mice at E16. However, few 

traced stromal cells were consistently seen at postnatal day (P)6 (not shown). Altogether, these data 

suggest that some stromal cells in the bone marrow are Wnt1-traced during postnatal stages and that 

these cells could eventually get recruited to the liver and originate HLCs during fibrogenesis.  

Contribution of GLAST-traced cells during liver fibrogenesis

In order to further confirm a possible bone marrow contribution with endothelial cells and HLCs to 

the fibrotic liver we chose to analyze GLASTCreERT2 mice. GLAST marks radial glia (13) and 

myelinating Schwann cells (15) as well as some pericytes (16). 

We have first analyzed if GLAST could be expressed in the Schwann cell lineage by 

immunohistochemistry on sections from E13.5 CD1 mouse embryos and from adult sciatic nerves of 

GLASTCreERT2;Rosa26Tom mice. GLAST expression was confirmed in Nestin+ radial glia with their 

nuclei located in the ventricular zone (Supplementary Figure 4A,B,D,E). In addition, we show its 

expression at the protein level in adult S100+ Schwann cells of the sciatic nerve (Supplementary 

Figure 5A). Moreover, GLAST expression was found in Nestin+ boundary cap neural crest cells and 

in a subpopulation of Nestin+ Schwann cells precursors/immature Schwann cells, in the dorsal and 

ventral spinal nerve roots and rami communicantes (Supplementary Figure 4F, and not shown). 

Finally, most embryonic axons on brain sections were also GLAST+ (Supplementary Figure 5B).        

Interestingly, when GLASTCreERT2;Rosa26Tom animals were Tx-injected at P2 or P60 liver resident 

glial cells were not traced (not shown). However, in liver samples from P2 Tx-injected animals, 

treated or not with TAA, Tom+ endothelial cells (Figure 4A,B; Supplementary Figure 6) and HLCs 

(Figure 4D,E) were found at similar numbers than in livers from Wnt1Cre;Rosa26Tom mice. Finally, a 

similar feature was observed in P60 Tx-injected animals although with lower contribution to traced 

endothelial and HLCs (Figure 4C,F and not shown). In order to exclude unspecific activation of the 

promoter or leakage of Tom signal in the liver, we treated non-Tx injected GLASTCreERT2;Rosa26Tom 

mice (n=3) with TAA for 4 weeks and quantified liver traced cells. Only 0.005±0.002 HLCs/field A
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were traced (vs. 0.123±0.043 cells/field, TAA 4W Tx P2; vs. 0.052±0.008 cells/field, TAA 4W Tx 

P60; p<0.01; Kruskall-Wallis with Dunn´s multiple comparisons test), and no other cell types were 

Tom+ in these samples. Moreover, when GLASTCreERT2;Rosa26Tom mice were TAA-treated during 1 

(n=3) or 4 weeks (n=3), Tx-injected 12 hours after last TAA application and sacrificed 48 hours later, 

no endothelial cells and only 0.007± 0.002 and 0.009±0.004 HLCs/field were found traced, 

respectively. This can be explained by hypomorphic properties of bone marrow Wnt1-traced pericytes 

after injury (see below).    

Our data, obtained from animals which were induced to express Cre almost 58 days before, strongly 

suggest that some endothelial cells and HLCs would derive from non-resident non-neural GLAST+ 

cells, likely consisting of a subpopulation of bone marrow GLAST+ pericytes. 

Contribution of GLAST-traced cells with the bone marrow

We then asked whether the bone marrow could contain GLAST-traced cells. When 

GLASTCreERT2;Rosa26Tom mice were Tx-injected at P2, no glial cells were traced in the adult bone 

marrow even though these cells were found to express this protein (not shown). However, only 

abundant Fibronectin+ Desmin+ Vimentin+ α-SMA- CD31- perisinusoidal stromal cells and less 

abundant Fibronectin+ Desmin+ Vimentin+ α-SMA+ CD31- periarteriolar stromal cells were traced 

(Figure 5 and not shown). In addition, this marker was found to trace cartilage and bone forming cells 

(Supplementary Figure 7). Thus, regarding BM stromal cells, these mice allow the identification of 

similar phenotypes that were traced in Wnt1Cre;Rosa26Tom animals, although with numbers 10 times 

higher. Interestingly, when NestinCre;Rosa26Tom animals were treated with TAA for 8 weeks, HLCs 

were not traced: considering that periarteriolar stromal cells express higher levels of Nestin (17), this 

result might suggest that only a subpopulation of perisinusoidal cells would likely contribute with 

liver parenchymal cells and endothelial cells in the context of injury.  

Mobilized Wnt1-traced cells from the bone marrow are GLAST+ pericytes with CFU-F 

properties

To analyze whether CD44+ GLAST+ Wnt1-traced stromal cells from the bone marrow would be 

mobilized from the bone marrow during liver fibrogenesis, we perform flow-cytometries and A
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quantified the proportion of this cellular subpopulation in the bone marrow (BMMCs) and peripheral 

blood (PBMCs) mononuclear fractions in mice treated or not with TAA or BDL, for 2 weeks. As 

expected in a case of BM cell mobilization, in both in vivo injury models Wnt1-traced pericytes were 

reduced in the BMMCs fraction and increased in the PBMCs one, when compared to naïve animals 

(Figure 6A-C). Interestingly, all traced PBMCs were found to express CD44 and GLAST, strongly 

suggesting that the mobilized Wnt1-traced fraction from the bone marrow consist of GLAST+ 

pericytes. 

In order to further characterize the functional phenotype of this stromal subpopulation, we analyzed if 

Wnt1-traced stromal cells in the bone marrow would show properties of mesenchymal colony-

forming units (CFU-F). In this assay, in between 10-15% of colonies observed were composed by 

100% of Wnt1-traced cells. Fewer colonies were formed from TAA-treated mice samples when 

compared to control (Figure 6D-F). This result is consistent with our flow cytometry results which 

show a reduction in this subpopulation within the BMMCs fraction upon injury. In addition, the 

proportion of traced colonies was not significantly affected by experimental treatment, although 

traced colonies were less dense and probably hypomorphic. From these results we conclude that 

GLAST+ CD44+ Wnt1-traced bone marrow pericytes have progenitor properties and get mobilized in 

a liver fibrosis context.   

Wnt1-traced BM stromal cells are mobilized and contribute with a subpopulation of HLCs in a 

partial hepatectomy model

In order to investigate whether or not CD44+ GLAST+ Wnt1-traced pericytes from the bone marrow 

could contribute with liver regeneration, we have applied a 70% hepatectomy model in adult 

Wnt1Cre;Rosa26Tom animals and analyzed this cellular subpopulation in BMMCs and PBMCs 

fractions, by flow cytometry. As expected, at 7 days after surgery Wnt1-traced pericytes were 

decreased within the BMMC fraction and increased in the PBMCs, thus suggesting their mobilization 

from the bone marrow during liver regeneration (Figure 7A,B). Traced cells in the two mononuclear 

cell fractions were found not to express hematopoietic stem cell (CD45 and Sca-1), endothelial 

progenitor (CD31 and CD11b), granulocyte-monocyte progenitor (CD11b and c-Kit) or 
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myeloid/lymphoid (Sca-1) markers, while most of them (up to 98%) were Fibronectin+ 

(Supplementary Figures 8 and 9).   

We then asked whether we could find HNF4α+ Tom+ HLCs in the liver of hepatectomized 

GLASTCreERT2;Rosa26Tom mice (Tx P2). Indeed, a 20-times fold increase in the number of HNF4α+ 

CD44+ HLCs was observed in the liver at 1 week after surgery when compared to control (Figure 7C). 

Moreover, GLAST-traced HLCs were found to maintain the expression of several GLAST+ pericyte 

markers, such as CD44 (Figure 7C), Fibronectin, Vimentin and Desmin (Supplementary Figure 10) 

upon differentiation.

Discussion

In this study, using different double-transgenic mouse lines we have thoroughly analyzed the 

contribution of NCDCs and GLAST+ BM-derived pericytes to the liver in health and disease. Main 

results are summarized in Table 1. For first time we show signs of activation of liver resident glial 

cells during fibrogenesis: they increase in numbers and extend longer and more ramified processes in 

the fibrotic livers. In addition, our data suggest a contribution of GLAST+ Wnt1-traced BM pericytes, 

of a probable non-neural crest origin, with endothelial cells and HLCs during liver fibrogenesis and 

regeneration. Significant numbers of Wnt1-traced stromal cells in the bone marrow are first 

consistently observed at early postnatal stages. Thus, the only certain contribution of the neural crest 

to the liver is with resident glia. 

As stated before, to our knowledge this is the first report showing changes in the phenotype of 

resident glia populations during fibrogenesis. This can be explain by the fact that non-myelinating 

Schwann cells share many markers with activated hepatic stellate cells (also known as Ito cells), of a 

mesenchymal origin (18), which are the key players in liver fibrogenesis (1). Our results led us to 

conclude that in health and disease all liver glial cells are derived from SCPs which populate this 

tissue during the innervation process at perinatal developmental stages. Glia activation would likely 

be involved in liver nervous system remodeling and hyperactivity, features previously reported during 

fibrogenesis (19). For instance, their proliferation and migration might induce axonal regrowth within 

fibrotic bridges, and their change in phenotype might be related to secretion of pro-inflammatory 

cytokines thus influencing axonal hyperactivity (19). A better understanding of the molecular A
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mechanisms involved in the activation and proliferation of cells able to enhance the process of 

extracellular matrix synthesis/accumulation would be relevant to succeed in liver repair strategies.                 

In contrast to evidences shown by Nagoshi et al. (8) suggesting that, in between E12 and E14, some 

NCDCs get mobilized through systemic circulation and contribute with cells in the liver and in the 

bone marrow, we herein found that only few or even rare traced cells with a putative neural crest 

origin were observed in only 30-40% of Wnt1Cre;Rosa26Tom and Sox10CreERT2;Rosa26Tom transgenic 

animals analyzed. Thus, if these peripheral blood circulating cells were of a neural crest origin such 

contribution would only be sporadic and of minor significance. 

Nevertheless, during liver fibrogenesis and regeneration a subpopulation of GLAST+ Wnt1-traced 

pericytes get mobilized through peripheral blood and would contribute with endothelial cells and 

HLCs. These stromal cells have CFU-F progenitor capacity and this might explain their higher 

regenerative capacity when compared to resident hepatocytes for cell replacement after injury.   

As it was mentioned above, to our knowledge this is the first in vivo report showing a pro-

regenerative role of a subpopulation of bone marrow cells able to likely contribute i.e. with 

endothelial cells. Wnt1-traced cells in bone marrow and peripheral blood samples obtained from 

control or hepatectomized animals were found to lack from endothelial progenitor cells markers. 

Nevertheless, we cannot rule out that Wnt1 could be expressed during development in rare liver 

endothelial cells and/or get upregulated after injury in some liver resident endothelial cells (20); 

nonetheless, we observed traced endothelial cells in parenchymal areas but not in fibrotic bridges. In 

case of de novo activation of the Wnt1 promoter in a subset of endothelial cells, this would be 

expected in fibrotic bridges, which show much higher levels of angiogenesis, as we could note in 

TAA-treated NestinCre;Rosa26Tom mice. Moreover, analyses of GLASTCreERT2;Rosa26Tom (Tx P2) mice 

show an incidence of parenchymal endothelial cells similar to Wnt1Cre;Rosa26Tom animals. These 

inducible double-transgenic mice would only trace cells expressing GLAST at P2, thus excluding 

adult inductive mechanisms after injury. Additionally, no leakage of the reporter was found in 

GLASTCreERT2;Rosa26Tom after 4 weeks of TAA treatment and no endothelial cells were traced when 

animals were Tx injected 12 hours after the last application of TAA, in 1 and 4 weeks treatments. 

Then, although some liver parenchymal endothelial cells might express GLAST at P2, their incidence 

is rare and would hardly contribute through proliferation to different foci of traced endothelial cells A
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observed in fibrotic livers. Moreover, when GLASTCreERT2;Rosa26Tom were Tx-injected at P60 no 

endothelial cells were traced in control animals, while they were found in the liver of mice which 

received 1 week of TAA treatment 7 days after they were Tx-injected, thus suggesting an extra-

hepatic origin for these cells.  

Previous reports suggested a BM origin of some endothelial cells after injury (21). Moreover, BM-

MSCs incubated with endothelial culture differentiation medium were previously shown to acquire an 

endothelial cell phenotype, as it was recently reviewed by Chopra et al. (22). Thus, the notorious 

increase in the incidence of Wnt1-traced and GLAST (Tx P2)-traced endothelial cells in the liver after 

a chronic injury suggest that they are likely originated in BM GLAST+ Wnt1-traced pericytes. 

What is more, our data suggest that GLAST+ Wnt1-traced BM pericytes would likely originate HLCs 

during liver fibrogenesis. Similar stromal cell types were traced in the bone marrow of 

Wnt1Cre;Rosa26Tom and in P2 Tx-injected GLASTCreERT2;Rosa26Tom. This result together with the fact 

that a similar incidence of traced HLCs (and of endothelial cells) was observed in these double-

transgenic mouse lines would suggest that at least some Wnt1-traced BM pericytes would be a 

subpopulation of GLAST-traced BM cells with notorious developmental plasticity, most probably 

consisting of BM perisinusoidal cells. Apart from that, in the hepatectomy model GLAST-traced 

HLCs were found to co-express several stromal markers. Altogether, our data suggest that both mouse 

lines (Wnt1Cre;Rosa26Tom  and GLASTCreERT2;Rosa26Tom TxP2) would allow tracing the same 

population of HLCs (and endothelial cells) originated from BM-derived stromal cells after liver 

injury.

Some populations of BM cells were previously shown to participate in liver regeneration. Our results 

are in support of a new and independent source of BM cells with this functionality, which depends on 

the stromal fraction. GLAST+ Wnt1-traced pericytes obtained from the bone marrow or peripheral 

blood of uninjured and hepatectomized mice did not co-express markers of granulocyte-monocyte 

progenitors, which are known to be able to fuse with hepatocytes under a stress situation (23). They 

were also negative for markers of hematopoietic stem cells, which were previously shown to be 

recruited to the liver and generate other HLC subpopulations in the context of liver regeneration (24).      
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We think our data are the key to understand the abundant literature showing a hepatocyte 

differentiation capacity of mesenchymal stem cells (9, 10, 25). Moreover, CD44+ GLAST+ Wnt1-

traced pericytes mobilized through peripheral blood might consist of a plastic subpopulation, 

evolutionary conserved in vertebrates, able to contribute to different cell types, under the influence of 

tissue-specific environmental cues, in the context of significant remodeling events. Whether or not 

CD44+ GLAST+ Wnt1-traced pericytes correspond with bone marrow cells previously described to be 

mobilized through peripheral blood under stress situations (26) or if they coincide with those induced 

to acquire properties of multipotent adult progenitor cells (27) remains to be addressed. 

In summary, our results show that fibrogenesis induces the activation of liver resident glial cells and 

likely uncover the in vivo contribution of a subpopulation of BM stromal with liver endothelial cells 

and HLCs after injury. Such BM stromal subpopulation gets mobilized through peripheral blood and 

originates parenchymal cells but not myofibroblasts during fibrogenesis. Thus, strategies to induce 

mobilization of GLAST+ Wnt1-traced pericytes from the bone marrow might turn a scarring process 

into a regenerative one. In addition, we herein show that these pericytes are an expandable cellular 

subpopulation which might eventually be cultured as MSCs and differentiated into HLCs with high 

efficiency, for tissue replacement strategies. The observation that a specific subpopulation of 

progenitor cells residing at the bone marrow would be hepatogenic might open ways in the future to 

induce their proliferation and/or their replenishment at the bone marrow once they get exhausted after 

repeated liver insults.
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Figure legends

Figure 1. Wnt1-traced cells contribution with liver non-parenchymal cells. (A) Images showing liver 

sections from control (Ctrl), thioacetamide (TAA; 8 weeks) or bile-duct ligation (BDL) treated 

Wnt1Cre;Rosa26Tom, stained for S100 showing individual resident glia. Scale bars: 20 μm. (B) 

Statistical comparisons in number of glial cells per 400x microscope field; Kruskal-Wallis with 

Dunn`s multiple comparisons tests. (C) Sholl analyses of glia processes with statistical comparisons 

among control and TAA 8 weeks or BDL-treated mice; 2 way-ANOVA and Bonferroni´s multiple 

comparisons tests; Ctrl vs. TAA and Ctrl vs. BDL. (D) Statistical comparisons in total length of glia 

processes; Kruskal-Wallis with Dunn`s multiple comparisons tests. (E) Lectin+ Wnt1-traced 

endothelial cells in a fibrotic liver treated with TAA for 8 weeks; scale bar: 10 μm. Inset: co-localized 

pixel map of RGB image; M1, white: Tom; M2, red: Lectin). (F) Statistical comparisons in number of 

endothelial cells per field; Mann-Whitney test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; *vs. 

Ctrl.

Figure 2. Wnt1-traced cells contribution with HLCs. Images showing Wnt1-traced HLCs in the liver 

of control (A,B), TAA 8 weeks (C) or BDL (D) treated Wnt1Cre;Rosa26Tom mice. (E) Statistical A
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comparisons in number of HLCs per 400x microscope field; control vs. TAA 8 weeks, Mann-Whitney 

test; control vs. BDL, unpaired t-test. (F) Representative microscopy images of Wnt1-traced single 

cell dissociated liver parenchymal cells immunostained with HNF4α and Albumin. *p<0.05; 

****p<0.0001; *vs. Ctrl. Scale bars: A,B: 10 μm; C,D: 20 μm; F: 100 μm. 

Figure 3. Wnt1-traced cells contribution to the bone marrow. (A-D) Images showing traced GFAP+ 

Nestin+ non-myelinating Schwann cells in the adult Wnt1Cre;Rosa26Tom bone marrow. Note that these 

cells are most usually included in a nerve fiber and are proximal to a blood vessel (A inset,B) and 

have different morphologies in peripheral areas of the bone marrow (C). In addition, other traced cells 

lack from GFAP expression and express Fibronectin (B,D). (I) Quantitative graphs showing the 

relative contribution of different Wnt1-traced subpopulations within the adult bone marrow. Scale 

bars: A, 50 μm; B,D, 20 μm; C,  40 μm.

Figure 4. GLAST+ pericyte contribution to the control and fibrotic liver. (A) Images showing traced 

endothelial cells (arrows) in P2 Tx-injected GLASTCreERT2;Rosa26Tom mice at 1 (left) or 8 (right) 

weeks of TAA treatment. (B,C) Statistical comparisons in number of endothelial cells per 400x 

microscope field in P2 (B) or P60 (C) Tx-injected animals; Kruskal-Wallis with Dunn`s multiple 

comparisons tests. (D) Representative microphotographies showing traced HLCs cells in P2 Tx-

injected GLASTCreERT2;Rosa26Tom control (left) mice or after 1 (middle) or 8 (right) weeks of TAA 

treatment. (E,F) Statistical comparisons in number of HLCs per microscope field in P2 (E) or P60 (F) 

Tx-injected animals; ordinary One-way ANOVA and Tukey´s multiple comparisons tests. *,σp<0.05; 

**p<0.01; ***p<0.001. *vs. control; σvs. TAA 1W. Scale bars: 20 μm.

Figure 5. GLAST+ pericyte contribution to the bone marrow. (A-E) Images showing traced cells in 

P2 Tx-injected GLASTCreERT2;Rosa26Tom mice, immunostained for: (A) CD31 (arrowheads: CD31- 

perisinusoidal stromal cells; arrows: CD31- periarteriolar stromal cells); (B) Fibronectin (left, 

perisinusoidal stromal cells; right, periarteriolar stromal cells); (C) Desmin; (D) Vimentin (main 

image and upper inset, periarteriolar stromal cells; lower inset to the right, perisinusoidal stromal 

cell), and (E) α-smooth muscle actin (periarteriolar stromal cell). (F) Quantitative graphs showing the 

relative contribution of different GLAST-traced subpopulations within the adult bone marrow. Scale 

bars: 20 μm.A
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Figure 6. Bone marrow GLAST+ Wnt1-traced stromal cells are CFU-F and get mobilized to 

peripheral blood after liver injury. (A) Flow cytometry analyses of CD44+ GLAST+ mononuclear 

cells from bone marrow (BMMCs) or peripheral blood (PBMCs) fractions obtained from control or 

TAA 8W- or BDL-treated Wnt1Cre;Rosa26Tom mice. (B,C) Statistical comparisons of percentage of 

Wnt1-traced CD44+ GLAST+ cells in the bone marrow (B) or peripheral blood (C), from control or 

fibrotic mice. (D) Representative photographies of flasks after mesenchymal colony forming cells 

(CFU-F) assays using BMMC fraction in control (above) and TAA 2 weeks (below) treated 

Wnt1Cre;Rosa26Tom animals. (E) Statistical comparisons showing number of CFU-F per 2.5x106 

BMMCs (above), and percentage of Tom+ colonies (below), in control vs. TAA 2 weeks. (F) Images 

of Tom+ colonies from control (above) or TAA-treated mice (below). Scale bars: left, 100 μm; right, 

50 μm. *p<0.05; **p<0.01; ***p<0.001; control vs. TAA 2W; t-student test. Note that density of 

Tom+ colony in TAA condition is reduced when compared to control.   

Figure 7. GLAST+ Wnt1-traced stromal cells get mobilized in a hepatectomy model and contribute 

with CD44+ HLCs. (A,B) Left, flow cytometry analyses of CD44+ GLAST+ BMMCs (A) or PBMCs 

(B) fractions obtained from control or hepatectomized Wnt1Cre;Rosa26Tom mice. Right, statistical 

comparisons of percentage of CD44+ GLAST+ traced cells in the bone marrow (A) or peripheral 

blood (B) from same animals. (C) Left, flow cytometry analyses of CD44+ HNF4α+ HLCs from the 

liver of control or hepatectomized P2 Tx-injected GLASTCreERT2;Rosa26Tom mice; right, statistical 

comparisons of this liver cellular subpopulation among control and hepatectomized samples. *p<0.05; 

t-student test.  

Table 1. Summary of double transgenic mouse strains used and of main results obtained. BM: bone 

marrow. ND: non-determined. ↑: increased (incidence). 
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Mouse lines 
Cells of 

origin 

Contribution 

with BM 

Contribution with 

liver (health) 

Contribution with liver 

(disease)/Mobilization 

Fibrosis Hepatectomy 

Wnt1
Cre

 

(Jackson 

#003829 and 

022501) x 

Rosa26
tdTomato 

(Jackson 

#007909) 

Neural crest 
Non-myelinating 

Schwann cells 

Non-myelinating 

Schwann cells 

↑ Non-myelinating 

Schwann cells; ↑ 

complexity of glia 

processes 

ND 

Wnt1
Cre

 

(Jackson 

#003829) x 

Rosa26
tdTomato 

(Jackson 

#007909) 

ND ND 

- Rare HLCs 

- Rare 

parenchymal 

endothelial cells 

- ↑↑ HLCs 

- ↑↑ parenchymal 

endothelial cells 

ND 

Wnt1
Cre

 

(Jackson 

#022501) x 

Rosa26
tdTomato 

(Jackson 

#007909) 

Early 

postnatal BM 

stromal 

progenitor 

cells 

- Abundant 

perisinusoidal 

stromal cells 

- Less abundant 

periarteriolar 

stromal cells 

- Rare HLCs 

- Rare 

parenchymal 

endothelial cells 

- ↑ Mobilization of 

BM stromal cells 

to peripheral 

blood 

- ↑ HLCs 

- ↑ Mobilization of 

BM stromal cells 

to peripheral 

blood 

- ↑↑ HLCs 

- ↑↑ parenchymal 

endothelial cells 

GLAST
CreERT2 

(Mori et al., 

2006) x 

Rosa26
tdTomato 

(Jackson 

#007908)
 
(Tx 

P2) 

GLAST
CreERT2 

(Mori et al., 

2006) x 

Rosa26
tdTomato 

(Jackson 

#007908) (Tx 

P60) 

Adult bone 

marrow 

stromal cells 

ND 

- Even more rare 

HLCs 

- No parenchymal 

endothelial cells 

- ↑ HLCs 

- ↑ parenchymal 

endothelial cells 
ND 

PLP1
CreERT 

(Doerflinger et 

al., 2003) x 

Rosa26
tdTomato

 

(Jackson 

#007908) (Tx 

Early 

postnatal 

Schwann cells 

and/or 

Schwann cell 

precursors 

ND 
Non-myelinating 

Schwann cells 

- ↑ Non-myelinating 

Schwann cells 

- No contribution 

with HLCs or 

parenchymal 
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P2) endothelial cells 

Nestin
Cre

 

(Jackson 

#003771) x 

Rosa26
tdTomato 

(Jackson 

#007908) 

Neural crest 

and 

endothelial 

progenitors 

ND 

Non-myelinating 

Schwann cells and 

endothelial cells 

- ↑ Non-myelinating 

Schwann cells 

- No contribution 

with HLCs or 

parenchymal 

endothelial cells 

ND 

PLP1
CreERT2 

(Leone et al., 

2003) x 

Rosa26
YFP

 

(Srinivas et al., 

2001) (Tx 

E12.5) 

Embryonic 

peripheral 

blood 

circulating 

cells 

Sporadic 

contribution with 

embryonic 

stromal-like cells 

Sporadic 

contribution with 

rare embryonic 

HLCs 

ND ND 

Sox10
CreERT2 

(Laranjeira et 

al., 2011) x 

Rosa26
YFP

 

(Srinivas et al., 

2001) (Tx E9.5) 

Neural crest 

Sporadic 

contribution with 

embryonic 

stromal-like cells 

Sporadic 

contribution with 

embryonic 

stromal-like cells 

ND ND 
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