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Abstract

Notch signaling plays a critical role in maintaining bone homeostasis partially by controlling the 

formation of osteoblasts from mesenchymal stem cells (MSCs). We reported that TNF activates 

Notch signaling in MSCs which inhibits osteoblast differentiation in TNF transgenic (TNF-Tg) 

mice, a mouse model of chronic inflammatory arthritis. In the current study, we used Hes1-GFP 

and Hes1-GFP/TNF-Tg mice to study the distribution and dynamic change of Notch active cells in 

normal and inflammatory bone loss and mechanisms mediating their enhanced proliferation. We 

found that Hes1-GFP+ cells are composed of cells expressing mesenchymal, hematopoietic and 

endothelial surface markers. CD45−/Hes1-GFP+ cells express high levels of mesenchymal 

markers and form CFU-F and CFU-ALP colonies. Expansion of CFU-F colonies is associated 

with a rapid increase in Hes1-GFP+ cell numbers and their GFP intensity. The GFP signal is lost 

when a CFU-F colony differentiates into an ALP+ osteoblast colony. TNF increases the numbers 

of CD45−/Hes1-GFP+ cells, which are stained negatively for osteoblast marker osteocalcin and 

localized adjacent to endosteal and trabecular bone surfaces. CD45−/Hes1-GFP+ cells in Hes1-

GFP/TNF-Tg mice have increased BrdU incorporation and PDGFRβ levels. TNF increases the 
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number of proliferating Hes1-GFP+ cells, which is prevented by a specific PDGFRβ inhibitor. 

Notch inhibition blocks TNF-mediated PDGFRβ expression and cell proliferation. Thus, TNF-

induced MSC proliferation is mediated by PDGFRβ signal, which works at downstream of Notch. 

Hes1-GFP mice can be used to assess the activation status of Notch in bone cells.
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INTRODUCTION

The Notch pathway is an evolutionarily conserved signaling system, which plays an 

essential role in regulating cell proliferation, differentiation, cell fate determination and 

stem/progenitor cell self-renewal in both embryonic and adult organs by cell-autonomous 

and non-cell-autonomous ways [1]. Notch receptors are activated by direct contact with their 

ligands that are expressed on adjacent cells. Notch receptors have extracellular, 

transmembrane, and intracellular domains. Upon ligand binding, Notch receptors are 

sequentially cleaved by two proteases in the extracellular domain and transmembrane 

domain. The latter processing is accomplished by the γ-secretase enzyme. As a result, the 

Notch intracellular domain (NICD) is released from the membrane and translocates to the 

nucleus to associate with the recombination signal–binding protein jκ (RBPjκ) which leads 

to transcriptional activation of target genes, such as Hes1 and Hey1.

The role of Notch signaling in bone was first reported when genetic modification of Notch 

signaling in mice revealed critical roles for Notch in osteoblast (OB) differentiation from 

mesenchymal stem cells (MSCs). Loss of Notch signaling in MSCs or OB precursors 

resulted in increased bone mass [2, 3], whereas activation of Notch signaling decreased OB 

numbers [4], indicating that Notch maintains proliferation and self-renewal of MSCs and 

inhibits OB differentiation. Subsequent studies revealed that Notch signaling suppresses 

chondrogenesis and chondrocyte proliferation and promotes chondrocyte hypertrophy and 

terminal differentiation [5, 6]. In the hematopoietic system, activation of Notch by exposure 

to Notch ligands [7] or over-expression of Notch target genes [8, 9], increased hematopoietic 

progenitor self-renewal and decreased their differentiation. Loss of Notch signaling via a 

Notch inhibitor or a dominant-negative form of Xenopus CSL/RBPJ homolog increased 

differentiation and decreased progenitor self-renewal [10]. Compared to MSCs-OBs, the 

reports regarding to the effect of Notch signaling on osteoclast (OC) function are 

controversial. For instance, depletion of Notch [4] or treatment of OBs with the γ-secretase 

inhibitor DAPT to inhibit Notch signaling [2] decreased osteoprotegerin production and led 

to increased OC formation. RBPjκ depletion specifically in myeloid cells increased OC 

formation in response to inflammatory cytokines [11], indicating that Notch inhibits OC 

differentiation by indirect and direct mechanisms. However, over-expression of Notch2 in 

OC precursors enhanced RANKL-induced osteoclastogenesis possibly by regulating nuclear 

factor of activated T cells c1 expression [12]. Jagged 1-expressing tumor cells promoted OC 

differentiation by regulating the expression of RANKL and osteoprotegerin [13]. Although 

the precise role of Notch signal in OC biology needs further investigation, these studies 
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indicate that Notch regulates the functions of all cells involved in bone formation and 

turnover.

Recently, we reported that Notch signaling plays a critical role in mediating chronic 

inflammation-induced bone loss through inhibition of OB functions. Using TNF transgenic 

(TNF-Tg) mice, a mouse model of chronic inflammatory arthritis [14], we found that TNF 

activates Notch signaling in MSCs by promoting binding of the non-canonical NF-κB p52 

and RelB proteins to the NICD and its nuclear translocation, leading to increased expression 

of Notch target genes, such as Hes1, and decreased OB differentiation and bone formation 

[15]. Notch signaling is also involved in other bone diseases. Transient and systemic Notch/

γ-secretase inhibition accelerated fracture repair by promoting MSC differentiation [16], 

while Notch activation in intervertebral discs inhibited nucleus pulposus cell differentiation 

and promoted degenerative disc disease [17]. In these studies, Notch activation was assessed 

by biochemical, molecular, and/or genetic approaches. The distribution and dynamic change 

of Notch active cells in bone and bone marrow (BM) under normal and disease conditions 

have not been studied. Recently, Hes1-GFP reporter mice were generated to assess Notch 

activity and allow visualization of Hes1-expressing neural stem cells in the central neural 

system [18]. This mouse line has not been used in bone studies. It is not known if Hes1-GFP

+ cells can be detected in BM or if their frequency and distribution change during OB or OC 

differentiation under normal or pathological condition, such as inflammatory bone loss.

In this study, we used Hes1-GFP/TNF-Tg and Hes1-GFP mice to study the distribution and 

changes of cells with active Hes1 promoter in inflammatory bone loss. We found increased 

numbers and intensity of Hes1-GFP+ cells that Our findings indicate that Hes1-GFP mice 

may represent a useful model to assess the activation status of Notch signaling in vivo, ex 
vivo, and in vitro in bone cells. Furthermore, elevated proliferation in Notch active MSCs 

under condition of TNF over-expression is likely mediated by PDGFRβ signal.

MATERIALS AND METHODS

Animals

Hes1-GFP transgenic (Hes1-GFP) mice generated in Dr. Ryoichiro Kageyama’s lab (Kyoto 

University) on a C57BL/6J background, in which the 2.5-kb Hes1 promoter was inserted 

upstream of sequences encoding destabilized eGFP [18]. TNF-Tg mice (the line 3647) were 

originally obtained from Dr. G. Kollias [19], which carry a human TNF transgene in which 

the 3′-untranslated region of the hTNF gene is replaced with that of the human β-globin 

gene. TNF-Tg mice develop arthritis starting at 2 months of age, and arthritis and bone loss 

progress with age. TNF-Tg mice have been crossed with C57BL/6 mice for more than 10 

generation. To generate Hes1-GFP/TNF-Tg double transgenic mice, heterozyzous Hes1-

GFP male mice were bred with heterozygous TNF-Tg female mice. Six-month-old Hes1-

GFP/TNF-Tg male mice were used for in the vivo study and Hes1-GFP littermates were 

used as a control. All animal procedures were approved by the University Committee on 

Animal Resources in the University of Rochester.
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Flow cytometry and cell sorting

Bone marrow (BM) cells were flushed out from tibiae and femurs with PBS. Red blood cells 

were lysed using lysis buffer (ThermoFisher Scientific A1049201). After washing with PBS, 

cells were suspended in PBS with 2% FBS. Cells were stained with various fluorescein-

labeled antibodies (Abs) and subjected to flow cytometric analysis using Becton-Dickinson 

FACSCanto II Cytometer [20]. APC-anti-CD45, PE-anti-CD105, PE-cy7-anti-Sca-1, PE-

anti-CD11b, PE-cy5-anti-Gr1, PE-anti-CD3, PE-anti-B220 Abs and anti-αSMA were 

purchased from eBioscience. PE-anti-Goat, APC-anti-Rabbit, PE-anti-mouse anti-PDGFRβ 

Abs were purchased from Santa Cruz Biotechnology. Anti-LeptinR Ab was purchased from 

Abcam. Results were analyzed by Flowjo7 data analysis software (Ashland, OR). For cell 

sorting, cells were stained with APC-anti-CD45 Ab and CD45−GFP+ cells were sorted by 

Becton-Dickinson FACSAria III sorter [20].

Cell culture and analysis

Cell culture and flow analyses were done using cells from 3 months old female mice. We did 

not find obvious difference when cells from male and female mice were used. For CFU 

colony formation and CFU-Alkaline phosphatase (ALP) assays, sorted BM CD45−/Hes1-
GFP+, CD45+/Hes1-GFP+ and CD45−/Hes1-GFP− cells were cultured in α-MEM growth 

medium containing 10% FCS or in OB inducing medium (50μg/mL ascorbic acid and 

10mM β-glycerophosphate) for 28 days. Cells were stained with H&E or for ALP. To 

observe changes of Hes1-GFP+ cells during CFU formation, Hes1-GFP mouse BM cells 

were cultured in growth medium for 20 days and then switched to OB inducing medium for 

an additional 10 days. On day 5, colonies were observed using a fluorescence microscope 

(Olympus, Japan) and cell clusters of more than 30 cells were defined as a CFU-F. Fifty 

colonies/dish were randomly selected and labeled for analyses. The number and percentage 

of colonies containing Hes1-GFP+ cells and Hes1-GFP+ cells/colony were counted every 5 

days. To assess the effect of Notch signaling inhibition, DAPT was added into the growth or 

OB inducing medium for an additional 5 days. Hes1-GFP+ colonies were observed before 

and after DAPT treatment. GFP fluorescence intensity was quantified by measuring the area 

and intensity of the entire image using Image Pro Plus 6.0 software. Results were expressed 

as integrated optical density (IOD): IOD=area × intensity of fluorescence. For osteoclast 

(OC) formation assays, sorted BM cells (10,000/well) were cultured with conditioned 

medium (1:50 dilution) from a M-CSF-producing cell line for 3 days in α-MEM with 10% 

FCS to generate OC precursors. OC precursors were cultured with M-CSF conditioned 

medium and RANKL (10 ng/ml, R&D) for 2–3 days. After multinucleated cells were 

observed under a microscope, the cells were fixed, stained for TRAP activity to identify 

OCs, and the number of OCs (TRAP+ cells containing >3 nuclei) was counted, as described 

previously [15].

Cell proliferation and apoptosis assays

For cell proliferation assays, mice were given two injections of BrdU (1 mg/mouse/injection, 

ip) spaced 16 hours apart and were euthanized 2 hours after the second injection. BM cells 

were stained with PE-anti-CD45 and APC-conjugated anti-BrdU Abs for flow cytometry 

using a BrdU Flow Kit (BD Phamingen). The percentage of BrdU+ cells in the CD45−GFP+ 
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cells was assessed. For cell apoptosis assays, BM cells were stained with PE-anti-CD45 Ab 

and APC-anti-AnnexinV Abs using an Apoptosis Detection Kit (eBioscience). After being 

stained with Propidium iodide (PI), the percentage of PI−/AnnexinV+ apoptotic cells was 

assessed by flow cytometry. For BrdU incorporation assays, CFU-F cells derived from Hes1-

GFP mouse BM cells were incubated with 10 μM BrdU for 12 hrs. Cells were fixed with 

10% buffered formalin and were stained with anti-BrdU monoclonal Ab (AbD Serotec, 

1:100) followed by goat anti-rabbit Alexa Fluor 568 (Invitrogen, 1:400). The percentage of 

GFP+/BrdU+ cells was determined on the randomly taken pictures (3–4 points/well; three 

wells/group).

Histology and histomorphometric analysis

Femora were fixed in 10% buffered formalin, decalcified in 10% EDTA, and embedded in 

Tissue-Tek. Bones were sectioned using a Leica CM1850 cryostat (Leica, German). Sections 

for visualizing GFP signals were unstained or stained with H&E or immunofluorescence 

(IF). For IF staining, sections were blocked in PBS with 10% normal goat serum and 0.2% 

Triton X-100 and stained overnight with rabbit anti- osteocalcin (Enzo, 1:200) or rat anti-

CD31 Ab (BD Pharmingen, 1:200) followed by goat anti-rabbit Alexa Fluor 568 or goat 

anti-rat Alexa Fluor 568 (Invitrogen, 1:400). Slides were mounted with mounting medium 

containing DAPI (Vector) and images were scanned with an Olympus VS-120 whole-slide 

imaging system, as we reported previously [21]. The numbers of total GFP+, osteocalcin

+/GFP+, and CD31+/GFP+ cells were counted on scanned images, and expressed as cell 

numbers per section. The average of GFP fluorescence intensity was quantified by 

measuring the total GFP intensity that was divided by GFP+ cell numbers in scanned images 

using Image Pro Plus 6.0 software.

Quantitative real time RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). cDNAs were synthesized by 

iSCRIPT cDNA Synthesis Kit (Bio-Rad). Quantitative real time RT-PCR amplifications 

were performed in an iCycler (Bio-Rad) real time PCR machine using iQ SYBR Green 

supermix (Bio-Rad), according to the manufacturer’s instructions. Gapdh was amplified on 

the same plates and used to normalize the data. Each sample was prepared in triplicate. The 

relative abundance of each gene was calculated by subtracting the CT value of each sample 

for an individual gene from the corresponding CT value of Gapdh (ΔCT). ΔΔCT were 

obtained by subtracting the ΔCT of the reference point. These values were then raised to the 

power 2 (2ΔΔCT) to yield fold-expression relative to the reference point. The sequences of 

primer sets for p52, RelB, Hes1 and Gapdh mRNAs are shown in Table.

Western blot

Whole-cell lysates (10 μg) from C3H10T1/2 cells treated with TNF and/or Thapsigargin 

were loaded in 10% SDS-PAGE gels and blotted with anti-Cyclin D1 (Cell Signaling 

Technology), Hes1, PDGFRβ or Actin Abs (Santa Cruz Biotechnology Inc.). Bands were 

visualized using enhanced chemiluminescence (ECL) (GE Healthcare Amersham 

Biosciences, Piscataway, NJ, USA).
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Statistical analysis

Results are given as mean ± SD. All in vitro experiments were repeated at least 2 times. 

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software 

Inc., San Diego, CA, USA). Comparisons between 2 groups were analyzed using the 2-

tailed unpaired Student’s t test. One way ANOVA and Dunnett’s post-hoc multiple 

comparisons were used for comparisons among 3 or more groups. P values less than 0.05 

were considered statistically significant.

RESULTS

Characterization of BM Hes1-GFP+ cells from Hes1-GFP reporter mice

We utilized a previously developed Hes1 reporter mouse line [18], Hes1-GFP transgenic 

mice, to analyze the immunophenotypes of GFP-positive (Hes1-GFP+) cells from BM using 

flow cytometry. In normal adult Hes1-GFP mice, about 0.7% to 1.5% of total BM cells were 

Hes1-GFP+, of which 80% were also CD45+, indicating that many Hes1 expressing cells 

come from a hematopoietic origin (Fig. 1A). Among total Hes1-GFP+ cells, about 30% 

were CD3+ (T cells) or B220+ (B cells), 60% were CD11b+ (myeloid lineage cells), 8% 

were CD105+ (mesenchymal cells) and 35% were Sca-1+ cells (stem cells) (Fig. 1B). BM 

CD45− cells were used as a enriched MSC preparation [15]. To determine the composition 

of Hes1-GFP+ cells that express MSC markers, we gated on CD45−/Hes1-GFP+ cells and 

found that 70% of them were CD105+, 76% were Sca1+, 65% were CD105+Sca1+, 81% 

were LeptinR+, and 56% were αSMA+ cells (Fig. 1C). Thus, the majority of BM CD45− 

cells with active Hes1 promoter (Hes1 active; CD45−/Hes1-GFP+ cells) under normal 

homeostatic conditions express MSC surface markers. To investigate the bone cell 

differentiation potential of these cells, we examined the ability of CD45−/Hes1-GFP+ and 

CD45+/Hes1-GFP+ cells to form CFU-F, CFU-ALP+ colonies or OCs. CD45−/Hes1-GFP+ 

cells, but not CD45+/Hes1-GFP+ cells, formed both CFU-F and CFU-ALP+ colonies (Fig. 

1D). CD45−/Hes1-GFP+ cells formed more CFU-ALP+ colonies and expressed higher 

levels of OB transcription factor, runx2, than CD45−/Hes1-GFP− cells (Fig. 1E). CD45+/

Hes1-GFP+ cells formed slightly more OCs than CD45+/Hes1-GFP− cells (Fig. 1F). The 

expression of GFP, Hes1 and Hey1 in Hes1-GFP+ cells was confirmed by qPCR (Fig. 1G). 

Our data suggest that CD45−/Hes1-GFP+ cells from Hes1-GFP mice have characteristics of 

MSCs that can give rise to OBs.

Utilization of Hes1-GFP mice to monitor Hes1 promoter activity during OB differentiation in 
vitro

To determine if the frequency, intensity and distribution of Hes1-GFP+ cells can be used as 

outcome measures to dynamically assess changes in Hes1 promoter activity during OB 

differentiation, we cultured BM stromal cells from Hes1-GFP mice in basal growth medium 

for 20 days to form CFU-F colonies, and then switched the culture medium to OB inducing 

medium for another 10 days to form CFU-ALP+ colonies. We observed and quantified 

Hes1-GFP+ cells every 5 days up to 30 day. We defined a colony that is composed of more 

than 30 cells under a high magnification (power x20) inverted microscope. At day 5, 

numerous small CFU-F colonies were detected. We randomly marked 50 colonies and 

observed the same colonies for 30 days. At day 5, about 40% of colonies contained Hes1-
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GFP+ cells, but the number of Hes1-GFP+ cells per colony was very low. At day 10, all 

colonies contained Hes1-GFP+ cells, which were persistent up to the end of the experiment. 

Interestingly, the percentage and average number of Hes1-GFP+ cells per colony rapidly 

increased to 24±2% and 190±10 cells until day 20, respectively. After switching to OB 

inducing medium, the percentage or average number of GFP+ cells per colony gradually 

declined to 17%±2% and 120±15 cells, respectively, at day 30 (Fig. 2A). Representative 

pictures show decreased numbers of Hes1-GFP+ cells and GFP fluorescence intensity in a 

CFU-F colony (Fig. 2B) after switching to OB inducing medium at day 30 (Fig. 2C). ALP 

staining revealed that ALP+ cells were GFP− (Fig. 2D). Data suggested that Hes1 was 

activated during CFU cell expansion and was inhibited when cells differentiate to OBs. To 

examine if Hes1 promoter activity during CFU cell expansion and differentiation can be 

modified, we treated CFU and CFU-ALP+ cells with DAPT to suppress Notch signaling 

[15]. A similar GFP florescence intensity was observed in cells treated with DAPT and 

control at the beginning of treatment (Fig. 3A). DAPT decreased the fluorescence intensity 

of Hes1-GFP+ colony cells (Fig. 3B–D). DAPT also reduced the cell number in a CFP-F 

colony, but increased the cell number in a CFU-ALP+ colony (Fig. 3E).

Increased CD45−/Hes1-GFP+ MSCs in Hes1-GFP mice exposed to acute and chronic TNF 
stimulation

We reported previously that TNF limits OB differentiation by activating Notch signaling in 

MSCs and CD45−/CD105+/Scal+ MSCs from TNF-Tg mice have elevated expression levels 

of Notch target genes, such as Hes1 [15]. To determine if we could observe similar Notch 

activation in CD45−/Hes1-GFP+ cells after TNF stimulation, we injected TNF (0.5 μg per 

i.p. injection, twice a day for 5 days) or PBS into Hes1-GFP mice for 3 days and examined 

changes in the percentage and number of Hes1-GFP+ cells in CD45−enriched MSCs using 

flow cytometry. Data show that the percentage and total number of Hes1-GFP+ and CD45−/

Hes1-GFP+ cells were increased significantly, while the total number of GFP− cells 

decreased in TNF-injected mice (Fig. 4A). CD45−/Hes1-GFP+ cells from TNF-injected 

mice formed fewer CFU-ALP+ colonies compared to those from PBS-injected mice (Fig. 

4B). To confirm Notch activation by TNF, we measured the expression levels of Hes1 in 

CD45−/Hes1-GFP+ cells and found a 3-fold increase in cells isolated from TNF-injected 

mice (Fig. 4C). To determine if Hes1-GFP cells could be used as indicators for Hes1 
promoter activity under the condition of chronic TNF over-expression as seen in TNF-Tg 

mice, we generated Hes1-GFP/TNF-Tg double transgenic mice and compared their BM 

Hes1-GFP+ cells to cells from Hes1-GFP littermate mice. Similar to TNF-injected mice, the 

percentage and number of total Hes1-GFP+ and CD45−/Hes1-GFP+ cells (Fig. 4D) as well 

as the expression levels of Hes1 (Fig. 4E) were increased in Hes1-GFP/TNF-Tg mice. 

Consistent with the known role of TNF in OB inhibition and Hes1 activation, CD45−/Hes1-

GFP+ cells from Hes1-GFP/TNF-Tg mice formed fewer CFU-ALP+ colonies (Fig. 4F) and 

theses colonies contained a higher number and percentage of GFP+ cells (Fig. 4G) 

compared to cells from Hes1-GFP mice.

Distribution of Hes1-GFP+ cells in the BM cavity of Hes1-GFP/TNF-Tg mice

We previously reported elevated Notch signaling in MSCs of TNF-Tg mice [15]. However, 

we do not know the location and distribution of Hes1 active cells nor their relationship with 
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other cell types in the BM environment. Hes1-GFP/TNF-Tg mice allow us to study these 

questions. To understand whether Hes1-GFP+ cells are increased, where they localize, and 

what relationship they have to OBs and OCs during inflammatory bone loss, we analyzed 6-

month-old Hes1-GFP/TNF-Tg mice as this is a stage at which TNF-Tg mice develop severe 

systemic bone loss [15]. Using a whole slide imager [21], we scanned H&E-stained paraffin 

sections under light microscopy and scanned unstained frozen sections of entire femurs from 

Hes1-GFP/TNF-Tg mice and Hes1-GFP litter mates under fluorescent microscopy. H&E-

stained sections revealed bone erosion and osteopenia (Fig. 5Aa–b) in Hes1-GFP/TNF-Tg 

mice. Fluorescent microscopy revealed fewer randomly distributed Hes1-GFP+ cells in BM 

of Hes1-GFP mice (Fig. 5Ac) and significantly increased Hes1-GFP+ cells within the BM 

near the endosteal surfaces in Hes1-GFP/TNF-Tg mice (Fig. 5Ad, pink arrows). To 

determine if these Hes1-GFP+ cells are OBs, we performed immunofluorescent staining 

using an anti-osteocalcin Ab for OBs in femoral sections of Hes1-GFP/TNF-Tg mice. Hes1-

GFP+ cells did not co-localize with osteocalcin+ OBs (Fig. 5B), but their number and GFP 

fluorescence intensity were increased (Fig. 5C). Furthermore, we noticed that some Hes1-

GFP+ cells were localized near small blood vessels (Fig. 5Ad, white arrows). Because Notch 

signaling is activated during endothelial cell network formation [22], we asked if Hes1-GFP

+ cells in our Hes1-GFP/TNF-Tg mice are endothelial cells. Immunofluorescent staining 

with anti-CD31 Ab indicated that many of the Hes1-GFP+ cells near blood vessels were also 

CD31+ (Fig. 5D).

Increased CD45−/Hes1-GFP+ MSCs in Hes1-GFP/TNF-Tg mice are mediated by PDGFRβ-
mediated proliferation

To study mechanisms mediating increased CD45−/Hes1-GFP+ MSCs in Hes1-GFP/TNF-Tg 

mice, we examined proliferation or apoptosis of these cells by BrdU injection and flow 

cytometric analyses. Compared to cells from Hes1-GFP littermates, Hes1-GFP/TNF-Tg 

mice had a small, but significant increased percentage of BrdU+/CD45−/Hes1-GFP+ cells 

(Fig. 6A), while apoptotic cells remained unchanged (Fig. 6B). Notch signaling plays an 

essential role in maintaining MSC proliferation in WT mice [3]. Notch activation increases 

PDGFRβ expression in hemangioblasts [23] and smooth muscle cells [24]. PDGFRβ 

signaling is one of the key pathways to keep MSC self-renewal [25]. In our RNAseq data 

set, we found higher expression levels of PDGFRβ in purified CD45−/CD105+/Sca1+ MSCs 

isolated from TNF-Tg mice (RNAseq reads/kilobase per million: 83+29 vs. 24.5+14 in WT 

cells, p<0.05) [15]. Thus, we wanted to know if CD45−/Hes1-GFP+ cells from Hes1-GFP/

TNF-Tg mice have increased PDGFRβ protein expression to explain increased proliferation. 

We found a significant increased percentage and mean fluorescence intensity of PDGFRβ in 

CD45−/Hes1-GFP+ cells from Hes1-GFP/TNF-Tg mice compared to those from Hes1-GFP 

littermates (Fig. 6C). To determine if increased proliferation of MSCs in Hes1-GFP/TNF-Tg 

mice is through PDGFRβ signaling, we cultured Hes1-GFP BM cells to form CFU-F 

mesenchymal colonies and treated them with TNF in the presence of the specific PDGFRβ 

signal inhibitor Su16f. TNF increased the number of BrdU+/Hes1-GFP+ cells and their GFP 

intensity. Su16f prevented TNF-increased BrdU+/Hes1-GFP+ cell numbers, but not GFP 

intensity (Fig. 6D), indicating that PDGFRβ signaling may mediate TNF-induced 

proliferation but not Notch activation. To study the involvement of Notch signal in this 

process, we treated C3H10T1/2 cells with TNF in the presence of Thapsigargin (Thap), a 
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newly identified Notch signaling inhibitor [26]. Thap blocked TNF-induced expression of 

Hes1, PDGFRβ and Cyclin D1 (Fig. 6E). Thus, it is likely that TNF-induced proliferation is 

mediated by a PDGFRβ signal, which works downstream of Notch (Fig. 6F).

DISCUSSION

The Notch signaling pathway plays important roles in controlling bone mass under normal 

and pathological conditions by regulating MSC pool and osteoblast differentiation [2] [3]. 

However, the distribution and dynamic change of Notch active cells in bone and bone 

marrow (BM) have not been well examined. Hes1-GFP mice have generated by inserting the 

2.5-kb Hes1 promoter upstream of sequences encoding destabilized eGFP, in which GFP+ 

cells represent the cells carrying the Hes1-GFP transgene, while GFP fluorescence per cell 

reflect Hes1 promoter activity. Because Hes1 is one of targets of Notch signaling, Hes1-GFP 

mice have been used to visualize Notch activation in Hes1-expressing (Hes1-GFP+) cells in 

the central nerve system [27]. Brain Hes1-GFP+ cells have neural stem cell characteristics in 

ex vivo cultures and undergo asymmetric cell division to give rise to a neuronal daughter cell 

and a progenitor cell [18]. Thus, Hes1-GFP+ cells in Hes1-GFP mice can be used to as 

indicators for changes in Notch activation status of stem cells. In this study, we used BM 

cells and bone sections from Hes1-GFP and Hes1-GFP/TNF-Tg mice to assess which cells 

have active Hes1 within bone in normal bone remodeling and in inflammatory bone loss.

We demonstrated that Hes1-GFP mice have few Hes1-GFP+ cells in their BM. These cells 

have lower GFP fluorescence intensity, stain negatively for osteocalcin, and are located 

along the endosteum. GFP ex vivo tracking assays indicated that Hes1-GFP+ cells are 

rapidly increase in the number and GFP intensity when they are cultured in the growth 

medium during CFU-F colony expansion, which declines when CFU-F colonies differentiate 

into CFU-ALP+ colonies (Fig. 2). The degree of GFP increase is positively associated with 

the growth of CFU-F colonies. This is likely due to increased cell-to-cell contact, resulting 

in the amplification of Notch signaling. Our data indicate that in the normal homeostatic 

BM, basal Hes1 promoter activity is low. There is a relationship between Hes1 promoter 

activity, MSC proliferation and OB differentiation: Notch signal is active at the proliferation 

stage and turned off during the OB differentiation stage [3].

We found that Hes1-GFP/TNF-Tg mice have an increased number of Hes1-GFP+ cells in 

their BM and these cells have higher GFP intensity (Figs. 4–5). TNF increases BrdU 

incorporation in CD45−/Hes1-GFP+ cells. Thus, TNF likely increases both proliferation and 

Hes1 promoter activity of Hes1-GFP+ cells. Notch signaling promotes cell proliferation via 

various mechanisms. Notch regulates the expressions of cell cycle related proteins including 

cyclin D1 and CDK2 in T-cell lymphoblastic leukemia [28, 29], CDK4 in breast cancer cells 

[30], cyclin A in retinoblastoma [31], and cyclin E in embryonic stem cells [32]. In WT 

MSCs, Notch increases cyclin D and cyclin E levels [2]. Our data indicate that Notch 

inhibition blocks TNF-induced PDGFRβ and Cyclin D1 expression. PDGF-BB, the ligand of 

PDGFRβ, is one of key factors to promote MSC self-renewal [25]. Notch increases PDGFRβ 

expression in hemangioblasts [23] and smooth muscle cells [24], while de-activation of 

Notch by deleting RBPjκ in smooth muscle cells lost the expression of PDGFRβ [33]. Thus, 

it is possible that under chronic inflammation, TNF increases Notch activity in MSCs, 
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leading to their proliferation by up-regulating PDGFRβ and PDGFRβ might be a 

downstream molecule of Notch in the process (Fig. 6F).

Some of GFP+ cells in the BM of Hes1-GFP/TNF-Tg mice localize to small vessels that 

express the endothelium marker, CD31. Specific knockout of RBPjκ in endothelial cells 

results in a decrease in cell proliferation and vessel growth in postnatal long bones, 

suggesting endothelial Notch activity promotes angiogenesis [34]. In addition, Notch 

signaling is activated in blood vessel endothelium under inflammatory conditions [35]. Our 

data of increased CD31+/Hes1-GFP+ endothelial cells in Hes1-GFP/TNF-Tg mice is 

consistent with these findings.

Hes1-GFP mice may provide a useful tool to monitor the dynamic changes of Notch 

activation in vivo or ex vivo. However several limitations exist with this mouse model. First, 

Hes1-GFP+ cells may not absolutely represent the endogenous Hes1 expressing cells. 

Although it was reported that the expression pattern of Hes1 mRNA is similar to that of GFP

+ cells in Hes1-GFP mice by in situ hybridization, indicating that Hes1-GFP expression can 

mimic the endogenous Hes1 expression [18], we do not have a strong evidence to show the 

overlap of Hes1-GFP+ cells with endogenous Hes1 expressing cells. We found that Hes1-

GFP+ cells expressed only 1 fold more of Hes1 mRNA than Hes1-GFP− cells under the 

basal condition, suggesting that the basal Hes1 promoter activity is not as high as we 

expected. Second, the literature reported that Hes1 can be activated by signals other than 

Notch, such as TGFβ [36], sonic hedgehog [37], and Wnt [38]. Therefore, it is necessary to 

exclude the other signals interfering with Notch to activate Hes1 expression. Finally, Hes1 is 

one of targets of Notch signaling and more accurate Notch reporter mouse models, such as 

Hes5-GFP [39] and TNR mice (a mouse line drives GFP expression under the control of 

repeated RBP-Jκ-response elements) [3], are already available. Crossing these mice with 

TNF-Tg mice could provide more comprehensive study of Notch activation under chronic 

inflammation.

In summary, our study demonstrated that GFP+ cells from BM of Hes1-GFP mice are 

heterogeneous and include MSCs, hematopoietic cells and endothelial cells. In combination 

with cell type specific markers such as CD45, these Hes1-GFP+ cells can be used as a 

readout for Notch activation status under normal and disease conditions, such as mice 

exposed to elevated levels of TNF. We found a rapid increase in the number of Hes1-GFP+ 

cells and GFP intensity during the expansion of CFU-F colonies. Hes1-GFP/TNF-Tg mice 

had higher numbers of CD45−/Hes1-GFP+ cells with a greater proportion being BrdU+, 

which was inhibited by a PDGFRβ signal inhibitor. Notch inhibition blocks TNF-mediated 

PDGFRβ expression and cell proliferation. Thus, Notch may mediate TNF-induced cell 

proliferation by affecting PDGFRβ.
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HIGHLIGHTS

• Hes1-GFP mice may provide a useful tool to assess the Notch 

activation in bone.

• The distribution and dynamic change of Hes1 expressing cells in 

normal and inflammatory bones were examined.

• CD45−/Hes1+ cells have increased proliferation in chronic 

inflammation.

• TNF increases the proliferation of Hes1-GFP+ cells through PDGFRβ 

signaling.
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Figure 1. CD45−/Hes1-GFP+ cells from bone marrow of Hes1-GFP transgenic mice have MSC 
properties
3-month-old Hes1-GFP mice were used. Total bone marrow cells were stained with 

antibodies for various cell markers and subjected to flow cytometry. (A) Dot-plot of the 

distribution of CD45/GFP cells. (B) Sub-populations of total GFP+ cells. (C) Sub-

populations of CD45−/GFP+ cells. Values are mean ± SD of 5 mice. (D) CD45−/GFP+ and 

CD45+/GFP− cells were sorted by FACS and cultured for CFU-F and CFU-ALP+ colony 

formation. CFU-F and CFU-ALP+ colony #/well were counted. Values are mean ± SD of 3 

wells. (E) CD45−/GFP− and CD45−/GFP+ cells were sorted by FACS and cultured for 

CFU-ALP+ colony formation. Values are mean ± SD of 3 wells. Runx2 gene expression in 

cultured cells were determined by qPCR. (F) CD45+/GFP+ and CD45+/GFP− cells were 

cultured for osteoclast formation. TRAP+ osteoclasts (osteoclasts >3 nucleus) were counted. 

Photos show TRAP+ osteoclasts. Values are mean ± SD of 5 wells. (G) gfp, hes1 and Hey1 
expressions in sorted GFP− and GFP+ cells were determined by qPCR. Values are the mean 

± SD of 3 wells. All experiments were repeated 2 times. p<0.05 vs. GFP− cells.
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Figure 2. Decreased Notch activation during osteoblast differentiation from MSC colonies
Total bone marrow stromal cells from Hes1-GFP mice were cultured in growth medium for 

20 days and then switched to osteoblast inducing medium for additional 10 days in CFU 

assays. Fifty colonies/dish were randomly selected and labeled for analyses. (A) The # and 

% of colony that contains GFP+ cells and the # and % GFP+/colony were counted every 5 

days. Values are mean ± SD of 3 dishes. * p<0.05 vs D5; & p<0.05 vs. day 20. The 

experiments were repeated 3 times with similar results. Representative image of a GFP+ 

colony at day 20 (B) and day 30 (C). (D) Representative image of ALP+ colony at day 30. 

Up panel in (A), (B) and (C) showed the ALP staining under the bright field. Low panel 

showed the GFP fluorescence.
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Figure 3. Treatment of CFU colonies with the γ-secretase inhibitor, DAPT, decreases Hes1-GFP+ 
cells in MSC colonies
(A) Representative image of a GFP+ CFU-F colony prior to DAPT treatment. (B) 

Representative image of the same GFP+ colony in 5 days after DAPT treatment. (C) 

Representative image of ALP+ and GFP+ colony induced in osteoblast inducing medium 

and treated with DAPT for 5 days. (D) Values are mean plus SD of GFP signal intensity 

before and after DAPT treatment from 12 individual colonies. (E) Values are mean plus SD 

of ALP+ or GFP+ cell number/colony. p<0.05 vs. day 0. The experiments were repeated 3 

times with similar results.
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Figure 4. TNF increases the number of MSCs with high Notch activation
(A–C) Hes1-GFP mice were injected with TNF (0.5 μg/injection, ip, twice a day for 5 days) 

or PBS. The frequency of bone marrow CD45−/GFP+ MSCs (A), the number of CFU-ALP+ 

colonies (B), and their expression levels of Hes1 were determined by flow cytometry, CFU-

ALP colony assays or qPCR. Values are mean ± SD of 4 mice. *p <0.05 vs. PBS-injected 

mice. (D–G) 6-month-old Hes1-GFP/TNF-Tg mice and Hes1-GFP littermate controls were 

used. The frequency of bone marrow CD45−/GFP+ MSCs (D), and their expression of Hes1 

(E) were determined. Values are mean ± SD of 5 mice. (F) CD45−/GFP+ cells were sorted 

by FACS and cultured in CFU-ALP+ colony assays. CFU-ALP+ colony #/well were 

counted. Values are mean ± SD of 3 wells. (G) Bone marrow cells were cultured in CFU-

ALP colony assays. The # and % of GFP+ cells/colony were assessed as in Figure 2. Values 

are mean ± SD of 3 wells. *p <0.05 vs. cells from Hes1-GFP mice.
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Figure 5. Distribution of GFP+ cells in the bone marrow of Hes1-GFP/TNF-Tg mice
Femoral bones from 6-month-old Hes1-GFP/TNF-Tg mice and Hes1-GFP littermate control 

mice were subjected to frozen sectioning. (A) Representative images of H&E-stained 

sections in the left panel at low power (x2) show normal trabecular and cortical bone 

structure of Hes1-GFP mice (a) and osteopenia (black stars) and bone erosion (black arrows) 

in sections from Hes1-GFP/TNF-Tg mice (b). Representative images of adjacent unstained 

frozen sections in the right panel show few GFP+ cells in the marrow cavity of Hes1-GFP 

mice (c) and a significantly increased GFP+ cells in the marrow cavity of Hes1-GFP/TNF-

Tg mice (d). These GFP+ cells are localized near endosteum area (purple arrows) and small 

vessel like structures (white arrows). (B) Co-localization of GFP+ cells and osteocalcin+ 

cells was determined by immunofluorescence staining and demonstrated as an enlarged 

image of the red box in image. Quantification of GFP+ cells/section. Values are mean plus 

SD of 4 mice. (C) Hes1-GFP+ cell # and their GFP intensity on the endosteum area were 

assessed. Values are mean plus SD of 4 mice. (D) Co-localization of GFP+ cells and CD31+ 

cells was determined by immunofluorescence staining and demonstrated as an enlarged 

image of the yellow box. Quantification of GFP+/CD31+ cells/section. *p < 0. 05 vs data 

from Hes1-GFP mice.
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Figure 6. TNF-induced proliferation of Hes1-GFP+ MSCs is prevented by PDGFRβ inhibition
6-month-old Hes1-GFP/TNF-Tg mice and Hes1-GFP littermate control mice were injected 

with BrdU and bone marrow cells were stained with anti-BrdU or Annexin V antibodies plus 

or minus Propidium iodide (PI). CD45−/GFP+ cells were gated and the % of BrdU+ (A) and 

AnnexinV+/PI− cells (B) for proliferation and apoptosis were assessed, respectively. (C) 

GFP+ cells expressing PDGFRβ were examined for the percentage and mean fluorescence 

intensity (MFI). Values are mean plus SD of 5 mice. *p < 0.05 vs data from Hes1-GFP mice. 

(D) Bone marrow cells from Hes1-GFP mice were cultured to form CFU-F colonies and 

incorporated with BrdU. Cells were treated with TNF (10 ng/ml), PDGFRβ inhibitor (su16f, 

1mM), or TNF plus su16f for 24 hours. BrdU+ cells were identified by IHC with anti-BrdU 
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antibody. The percentage of BrdU+ within GFP+ cells and their GFP intensity were 

measured. Values are mean plus SD of 3 wells. Experiments were repeated 2 times. *p < 

0.05 vs. PBS, and #p < 0.05 vs. TNF. (E) C3H10T1/2 cells were treated with TNF and/or 

Thapsigargin (Thap) for 12 hours. Expression of Hes1, PDGFRβ and Cyclin D1 protein 

levels were examined by Western blot. Experiments were repeated 2 times. (F) A cartoon 

showing potential relationship among TNF, Hes1 (Notch), PDGFRβ, and cell proliferation.
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