
Immortalized CNS pericytes are quiescent smooth muscle actin-
negative and pluripotent

Paula Dore-Duffy1,4, Afroza Mehedi1, Xueqian Wang1, Michael Bradley2, Richard Trotter1,
and Alexander Gow1,2,3

1Department of Neurology, Division of Neuroimmunology Wayne State University School of
Medicine, Detroit, Michigan, 48201
2Center of Molecular Medicine and Genetics, Wayne State University School of Medicine, Detroit,
Michigan, 48201
3Carman and Ann Adams Department of Pediatrics, Wayne State University School of Medicine,
Detroit, Michigan, 48201

Abstract
Despite their identification more than 100 years ago by the French scientist Charles-Marie
Benjamin Rouget, microvascular pericytes have proven difficult to functionally characterize, due
in part to their relatively low numbers and the lack of specific cell markers. However, recent
progress is beginning to shed light on the diverse biological functions of these cells. Pericytes are
thought to be involved in regulating vascular homeostasis and hemostasis as well as serving as a
local source of adult stem cells. To further define the properties of these intriguing cells, we have
isolated pericytes from transgenic mice (Immortomouse®) harboring a temperature-sensitive
mutant of the SV40 virus target T-gene. This Immortopericyte (IMP) conditional cell line is stable
for long periods of time and, at 33°C in the presence of interferon gamma, does not differentiate.
Under these conditions IMPs are alpha muscle actin-negative and exhibit a pluripotent phenotype,
but can be induced to differentiate along both mesenchymal and neuronal lineages at 37°C.
Alternatively, differentiation of wild type pericytes and IMPs can be induced directly from
capillaries in culture. Finally, the addition of endothelial cells to purified IMP cultures augments
their rate of self-renewal and differentiation, possibly in a cell-to-cell contact dependent manner.
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Introduction
Microvascular pericytes are found in precapillary arterioles, capillaries, and post capillary
venules of virtually every organ in the body. In the brain, pericytes are regulatory cells with
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primary roles in the maintenance of homeostasis and hemostasis (Shepro and Morel, 1993;
Edelman et al., 2006; von Tell et al., 2006) at the blood brain barrier (BBB) (Balabanov and
Dore-Duffy, 1998; Ballabh et al., 2004). Pericytes are known to migrate from their capillary
location into the neurovascular space (Bernstein et al., 1982; Nadal et al., 1999; Dore-Duffy
et al., 2000), where they may be induced to phenotypically or functionally differentiate.
With the development of techniques to purify primary pericytes from the retina (Gitlin and
D’Amore, 1983) and from CNS capillaries (Dore-Duffy, 2003), pericytes have been shown
to differentiate along the mesenchymal or neuronal lineages depending on culture conditions
(Canfield et al., 1996; Doherty et al., 1998, Dore-Duffy et al., 2006; Dore-Duffy, 2008).
This multipotentiality also has been observed in dental pulp, fat, skin, liver, and muscle
pericytes (Chungmeng and Tianmin, 2004; Herrera et al., 2006; Dellavelle et al., 2007; Saif
et al 2009; Wang et al 2010; Lin et al 2010; Humphreys et al 2010; Zimmerlin et al 2010;
Paquet-Fifield 2010). Pericytes may, therefore, represent a source of adult pluripotential
stem cells (Dore-Duffy 2006; 2008; Cai et al 2010; Ergun et al 2010).

That pericytes rapidly differentiate in vitro has obscured interpretation of many studies, even
those involving primary cell cultures. In particular, the identification of specific pericyte
subsets remains difficult because pericyte stage-specific markers have not been identified.
The generation of pericyte cell lines that exhibit an undifferentiated pericyte phenotype also
has proven difficult because such cell lines exhibit phenotypic and functional properties of
endothelial cells (ECs) and/or express markers associated with differentiated pericytes
(Asashima et al., 2002; Berrone et al., 2009).

We have taken an alternate approach to generate stable pericyte cell populations using an in
vivo source of cells that express a temperature-sensitive immortalizing oncogene. The
Immortomouse® harbors a stably incorporated conditionally expressed transgene (Jat et al.,
1991; Noble et al., 1992; Barber and Henderson, 1996; Dennis and Caplan, 1996b; Kanda et
al., 1996; Walther et al., 1996), which encodes a variant of the tumor antigen (T-Ag) from
the simian virus 40 A (SV40). A missense mutation of T-Ag (TsA) renders this protein
functional at 33°C but inactive at body temperature (TsA58). In the Immortomouse®,
coupling TsA58 to the H2Kb class-I promoter ensures expression in multiple tissues and
confers cytokine regulated properties where expression is induced by interferon gamma
(IFNγ) (Barald et al., 1997; Takacs-Jarrett et al., 1998; 2001). Thus, the expression of
functional T-Ag is conditional on both temperature and the presence of IFNγ.

The Immortomouse® has been a source for conditionally immortalized cells from the
endothelium (Kanda et al., 1996), renal mesangial cells (Barber and Henderson, 1996),
Sertoli cells (Walther et al., 1996) mesenchymal cells (Dennis and Caplan, 1996b), cochlear
hair cells (Kachar et al., 1986), skeletal muscle (Morgan et al., 1994; Ehler et al., 1995),
epithelial cells (Whitehead et al., 1993; Kershaw et al., 1994; Whitehead and Joseph, 1994;
Paradis et al., 1995), glial cells (Groves et al., 1993), and osteoclasts (Chambers et al.,
1993). These immortalized cells continue to replicate at 33°C in the presence of IFNγ and do
not exhibit differentiated phenotypes (Holley and Lawlor, 1997). Accordingly, we
hypothesized that primary pericytes cultured from the Immortomouse® also would not
differentiate at 33°C; however, we were uncertain whether they would replicate. In our
hands, freshly isolated immortopericytes (IMPs) display low levels of cell division until
exposed to environmental or exogenous stimuli.

Here we report the characterization of CNS capillary pericytes from the Immortomouse®.
IMPs survive as undifferentiated cells for long periods of time at 33°C in presence of IFNγ
and serum-containing culture medium and can be passaged, frozen, and thawed. However,
IMPs proliferate slowly under these conditions and are largely quiescent. When IMPs are
cultured at 37°C in the presence of serum and in the absence of IFNγ, they differentiate

Dore-Duffy et al. Page 2

Microvasc Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



comparable to wild type mouse and rat pericytes. Furthermore, IMPs can be cultured for at
least nine weeks before transfer to 37°C and retain their differentiation capacity. When
cultured at 37°C in serum-free medium with N2 supplement and basic fibroblast growth
factor (bFGF), IMPs differentiate along the neuronal lineage forming neurospheres
comparable to wild type pericytes (Dore-Duffy et al., 2006; Dore-Duffy, 2008). IMPs do not
differentiate in response to bFGF at 33°C. Spheres can also be generated directly from wild
type and IMP capillaries in culture. The rate of sphere formation and the rate of
differentiation is greater than that observed for spheres generated from primary pericytes,
suggesting that ECs provide trophic factors that promote pericyte stem cell activity.

Methods
Animals

Male Immortomouse® mice (Charles River, Laboratories, Wilmington, MA) hemizygous
for the interferon-inducible H2kb-tsA58 transgene were crossed with B6C3 F1 females
(Taconic Farms, Germantown, NY) to yield mice for pericyte isolation and culture. The
genotype of the mice was verified by PCR using primers, Immorto1, 5′-AGC GCT TGT
GTC GCC ATT GTA TTC-3′ and Immorto2, 5′-GTC ACA CCA CAG AAG TAA GGT
TCC-3′ (product = 1kb). An internal control for PCR, which amplifies a 0.2 kb fragment of
the Plp1 gene used primers AG521, 5′-GCT GAT TTT TAA CCA CTC CAT GTC-3′ and
AG522, 5′-CAA CTC ACC ATA CAT TCT GGC ATC-3′.

Antibodies and Chemicals
Affinity purified goat anti-mouse immunoglobulin and goat anti-rabbit IgG F(ab)2 fragments
conjugated to Red 613 or FITC were purchased from CAPPEL (Durham, NC). Goat anti-
mouse IgG, conjugated to AMCA was obtained from AbCam (Cambridge, MA). Affinity-
purified rabbit anti-human von Willebrand factor (vWF) antibody (IgG) (1:500) was
purchased from Dakopatts (Glostrup, Denmark) in either FITC conjugated or unconjugated
forms and mouse anti-human vWF (IgG2a; 1:1000) was purchased from Boehringer
Mannheim (Indianapolis, IN). Mouse anti-murine nestin (IgG) was purchased from
Chemicon/Millipore (Temecula, CA). Rabbit anti-GFAP (1:200), and rabbit anti-
neurofilament 200 (NFL-200) (1:200) were purchased from Sigma (St. Louis, MO). Mouse
anti-BrdU was purchase from Becton Dickinson. Anti-mouse IgG conjugated to Cy3 was
purchased from Sigma. Goat anti-mouse platelet derived growth factor beta receptor
(PDGFβR) IgG was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
and goat anti-mouse NG2 chondroitin sulfate proteoglycan (IgG1) was purchased from Santa
Cruz Biotechnology and mouse anti-rat O4 antigen (1:50) was purchased from Chemicon/
Millipore. Goat anti-human C-terminus (C-20) CD146 (Mel-CAM) (IgG) was obtained from
Santa Cruz Biotechnology. Rabbit anti-bovine IgM conjugated to FITC was obtained from
Novus Biologicals (Littleton, CO). Mouse anti-GFAP (clone GA5) conjugated to Alexa-647
was obtained from Cell Signaling (Danvers, MA). Mouse anti-160kD neurofilament
(NF-09) (IgG2a), which reacts to all species, and goat anti-mouse IgM, μ chain specific,
F(ab)2 fragment were obtained from AbCam.

Primary pericyte isolation
Ten x 3-week-old homozygous mice carrying the H2Kb-tsA58 transgene were decapitated
and the brain tissue immediately removed using sterile technique. Capillaries were isolated
according to Joó and Karnushina (1973), as modified by Bowman et al., (1982), and further
modified by Dore-Duffy et al (2003). Freshly isolated mouse capillaries were incubated
overnight in collagenase and dispase at 37°C. Following incubation, capillaries were
disrupted and single cell suspensions were grown in standard culture medium comprising
10% fetal calf serum in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Carlsbad,
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CA). For cells grown at 33°C, the standard culture medium was supplemented with IFNγ
(50 units/ml final volume, Pierce, Thermo-Fisher Scientific, Rockford, IL) to induce
expression of the H2kb-tsA58 transgene. In BrdU-labeling experiments, cells were labeled
with BrdU (BD Biosciences, Rockville, MD) in the culture medium (10 μM final) overnight.
Cells were then fixed and labeled with anti-BrdU antibodies.

Cells were plated at 106 cells/ml for six hours at 37°C on uncoated plastic Petri dishes
(Thermo-Fisher Scientific). Non-adherent cells were removed by vigorous washing and used
for isolation of ECs (see below). The medium in adherent cultures was changed each day for
two days and biweekly for additional culture periods. These cells were Griffonia
symplicifolia agglutinin (GSA)− and Factor VIII− after culture at 33°C or 37°C (data not
shown). They expressed platelet-derived growth factor beta receptor (PDGFβR) and
displayed the morphological characteristics of wild type pericytes (Fig. 1A). Non-adherent
cells were 95% Factor VIII+ and GSA+ (data not shown).

Non-adherent cells derived from microvessel enzymatic digestion and subculture were
counted using a hemocytometer and plated on collagen-coated dishes from 1 – 10 × 105

cells/ml in standard culture medium at 37°C. Cells were allowed to adhere overnight, then
washed twice. These cells displayed the morphological characteristics of ECs and expressed
several EC markers: Factor VIII, CD31, and the ligand for GSA (data not shown). Greater
than 97% of cells were determined to be ECs.

Passaging of cells
IMPs grown at 33°C or 37°C were washed twice with serum-free medium and once with in
RPMI-1640 containing 10−4M EDTA. Cells were then incubated for 1–3 minutes at 37°C
with RPMI-1640-EDTA. Petri dishes were shaken vigorously and loose cells were washed
from the plates, centrifuged, washed thrice in RPMI-1640-EDTA, resuspended in fresh
standard medium with or without IFNγ and replated at 5 × 105 cells/ml. Although IMPs
were viable, their proliferation rate was low unless cultured at 37°C (n = 2). Passage
efficiency was 90%. Pellets were resuspended in standard medium supplemented with 50%
DMSO and frozen in liquid nitrogen. The viability of these cells after thawing was 70%.

Immunocytochemistry
Microvessels, primary cultured ECs and pericytes were allowed to dry onto alcohol-washed
glass coverslips before fixation with 3% paraformaldehyde for ten minutes. Coverslips were
blocked in PBS with 1% bovine serum albumin (BSA), permeabilized with 0.1% Triton
X-100, and stained with antibodies against several cell type-specific markers, or with control
antibodies. All primary and secondary antibodies were used at optimized concentrations and
incubations were carried out at room temperature as previously reported (Dore-Duffy et al.,
2007). Briefly, coverslips were incubated for 30 minutes, washed thrice with phosphate-
buffered saline, pH7.4 (PBS) and incubated with fluorochrome-conjugated secondary
antibodies [affinity purified anti-IgG F(ab)′ 2 fragments 1:100 dilution]. Secondary
antibodies alone and/or isotype control antibodies were used as controls and yielded
minimal staining. In dual and triple labeling experiments, species-matched immunoglobulins
were not used. Immunofluorescence was examined using an Orthoplan-2 (Zeiss, Germany)
fluorescence microscope equipped with 25X and 60X oil objectives. Percentages of positive
microvessels or cells were calculated after counting a minimum of 300 cells or microvessels.
Coverslips were photographed using a 35 mm CONTAX 165 MT camera (Kyocera Corp.,
Japan).
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Limiting dilution cultures
Following capillary digestion and enrichment (see above), IMPs were counted using a
hemocytometer, diluted in standard culture medium to 1–5 cells/ml at the highest dilution
and allowed to adhere to uncoated Petri dishes overnight. Cultures were inspected daily to
determine cell densities (cells /mm2) using a 10X ocular grid eyepiece on an inverted
microscope.

Flow Cytometry and Cell Sorting
Single cell suspensions in PBS were incubated with primary and/or secondary antibodies
directed against cell type-specific markers. To remove ECs, cells were incubated with GSA–
fluorescein isothiocyanate (FITC) conjugate (diluted 1:100) for 60 minutes at 4°C and GSA-
FITC+ cells were removed as previously described (Dore-Duffy, 2003). For analysis,
suspensions were single or dual-labeled with GSA-FITC and/or antibodies directed against
mouse NG2, alpha-smooth muscle actin (αSMA), , PDGFβR or Factor VIII (see below).
Cell suspensions were fixed and analyzed using a Becton-Dickinson flow cytometer.
Isotype-matched nonspecific antibodies were used to label cells as negative controls and
values for percentages were subtracted. Flow cytometry analysis was performed using
FACS Diva software (BD Biosciences).

Culture of bFGF responsive cells
The viability of cells was determined by trypan blue exclusion. Viable cells (200/cm2) were
plated in 35 mm uncoated Petri dishes or 16-well dishes in stem cell medium [(DMEM/F-12
with N2 supplement, no serum containing 20 ng/ml murine recombinant bFGF (Gibco,
Grand Island, NY)]. The number of free-floating spheres was counted after varying days in
culture depending on the experimental protocol. Some spheres were cultured on poly-L-
ornithine (Poly-O) coated glass coverslips for immunocytochemistry. Others were used to
establish self-renewal. Pericyte spheres were transferred to conical test tubes in bFGF-
supplemented stem cell medium, diluted to 1 sphere/tube and mechanically dissociated by
vigorous up-and-down pipetting. One cell was added per microwell using limiting dilution
and incubated in bFGF containing stem cell medium. About 10% of these cells survived.
Cells produced new spheres which were transferred to Poly-O coated slides for
immunocytochemical labeling.

Statistical analyses
Quantitative data are expressed as mean ± S.D. and generally from at least three independent
observations or experiments. Data were analyzed by linear regression (Figs 2, 5C and 7H)
followed by One-way Analysis Of Variance (ANOVA) to compare the slopes of the curves
and Bonferroni post hoc multiple comparisons testing. For Fig. 2, the regression analysis
followed Log-transformation of the ordinate data. All other statistical analyses used One-
Way ANOVA with Bonferroni post hoc testing. All tests were implemented in Prism 5.0d
software for Mac (Graphpad Software Inc, La Jolla, CA).

Results
Morphology and immunocytochemical characterization of IMPs

Immortomouse® capillaries were digested overnight and cell suspensions were analyzed
using FACS for the presence of NG2- and PDGFRβ-expressing cells (both antigens are
expressed by pericytes) and Factor VIII+ ECs (Fig. 1A–C). Capillary-derived cell
suspensions are 86.8% ECs (Fig. 1A) and contain approximately 20% NG2+ cells (Fig. 1B)
and 21.7% PDGFβR+ cells (Fig. 1C). Pericyte enriched cell populations were obtained by
cell sorting (Dore-Duffy, 2003) and allowed to adhere at 33°C in the presence of IFNγ (Fig.
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1D). Cells displaced from Petri dishes (i.e. ECs) were cultured on poly O-coated coverslips,
fixed, and stained for expression of Factor VIII or the ligand for GSA (data not shown).
Adherent cells were dual stained for NG2 (Ozerdem et al., 2001, 2002) and PDGFβR (Fig.
1E).

Greater than 97% of the non-adherent cells are Factor VIII+ and less than two percent stain
with NG2 in some preparations (data not shown). Adherent Immortomouse® cells are
morphologically indistinguishable from normal pericytes (Fig. 1D) and greater than 90% are
PDGFβR+ and NG2+ by immunocytochemistry (Fig. 1E). Five-day-old cultures grown at
33°C are αSMA− (Fig. 1F) and 93% NG2+ (Fig. 1G). IMPs are viable for at least nine
weeks with little change in morphology and these cells can be frozen and thawed. They are
viable at a plating efficiency of 90% from subculture and 70% after freezing.

IMPs proliferate slowly at 33°C
IMPs were seeded on Petri dishes and maintained in culture in the presence of IFNγ at 33°C
(permissive conditions) to drive TsA58 synthesis and preserve its biological activity or at
37°C in the absence of IFNγ (non-permissive conditions). IMPs grown in low density at
33°C remain viable but are essentially quiescent (Fig. 2A). A similar lack of growth is
observed in cultures containing two to three cells/well in limiting dilution experiments with
little increase in cell number for most wells even after 3 weeks (data not shown). However,
when plated at 37°C at low density IMP cultures proliferate (Fig. 2A). In a second set of
experiments at 33°C, we compared the growth of IMPs plated at low or high densities to
wild type pericytes (Fig. 2B). In contrast to low density cultures, IMPs proliferate in high
density cultures. However, regression analysis indicates that this rate is slower than for wild
type pericytes grown under similar culture conditions (P < 0.05). Together, these data
indicate that IMPs remain viable at 33°C in culture, even in the absence of proliferation.

IMP expression of αSMA and CD146
Fresh capillary-derived IMPs are αSMA−. Wild type pericytes express αSMA
heterogeneously at the capillary level and induce expression of this marker in nearly 100%
of pericytes after 5 days in culture, which may represent a stage in the differentiation of this
lineage (Veerbek et al 1994; Leibner et al 2000; Sieczkiewicz and Herman 2004; Dore-
Duffy 2008). To determine if IMPs would remain αSMA− after prolonged culture periods
we cultured fresh isolated cells for 9 weeks at 33°C then transferred to 37°C. Cells were
dual-stained with antibodies to detect expression of αSMA and Factor VIII or αSMA and
NG2 using flow cytometry. Under permissive conditions for five days, IMPs do not express
Factor VIII (Fig. 3B). When grown at 33°C for nine weeks, IMPs remain αSMA− and
express NG2 (Fig. 3C). However, when nine-week IMP cultures are transferred to 37°C,
they become αSMA+ by five days in culture, suggesting that IMPs do not differentiate at
33°C but are capable of differentiating to αSMA+ cells at 37°C (Fig. 3D).

A number of studies have indicated that at least a subset of pericytes express CD146 and
that this marker is associated with pluripotent activity (Dennis and Caplan 1996a; Paquet-
Fifield et al, 2009; Sakai et al, 2010; Maier et al 2010). Accordingly, wild type pericytes and
IMPs were analyzed for CD146 expression using immunocytochemistry. Dual labeling with
anti-CD146 and anti-PDGFβR antibodies show that a subset of freshly isolated CNS
microvascular pericytes from both rat (Fig. 4A) and mouse (Fig. 4B) express CD146 at low
levels and occasional presumptive EC contaminants are strongly CD146+ (arrowhead, Fig.
4B). A greater proportion of IMPs are CD146dim and PDGFβR+ (Fig. 4C,D) than wild type
pericytes (55% versus 32% in two experiments with 100–200 cells counted from five
coverslips), but further studies are needed to determine if expression of this marker is
dependent on the stage of pericyte differentiation.
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IMPs are pluripotent
1) Mesenchymal differentiation and bone nodule formation—To further
investigate IMPs in culture, we examined their differentiation along both mesenchymal and
neuronal lineages. Primary pericytes differentiate in vitro in serum-containing medium along
the mesenchymal lineage and become αSMA+ after five to seven days in culture. These cells
ultimately form muscle, fat and Alizarin red+ bone nodules in culture (Brighton et al., 1992;
Diaz-Flores et al., 1992; Schor et al., 1992; Canfield et al., 1996; Doherty et al., 1998;
Ozerdem et al., 2002; Collett and Canfield, 2005). We have compared nodule formation in
wild type pericyte cultures (21–28 days in culture) with IMPs maintained at 33°C or 37°C
for 21–28 days (Fig. 5A). IMPs form nodules when cultured at 37°C (Fig. 5B) but not at
33°C (Fig. 5C). Only wild type pericytes form nodules at both 33°C and 37°C (Fig. 5C).
These results suggest that pericytes isolated from the Immortomouse® can differentiate at
37°C along the mesenchymal lineage.

2) Neurosphere formation in response to bFGF—We previously reported (Dore-
Duffy et al., 2006, 2008) that rat CNS pericytes differentiate along the neuronal lineage in
response to bFGF and questioned if IMPs respond to bFGF under permissive and non-
permissive conditions. At 33°C in the presence of IFNγ, four-day-old IMP cultures do not
form neurospheres in response to bFGF but do form spheres at 37°C (Fig. 6A) that can be
labeled with antibodies against BrdU and nestin (Fig. 6B) or PDGFβR and NG2 (Fig. 6C).
Furthermore, IMPs self-renew (Table 1) and spheres differentiate into glial fibrillary acidic
protein (GFAP)+ astrocytes (Fig. 6D), O4+ oligodendrocyte progenitors (Fig. 6E), and
neurofilament (NF)+ neurons (Fig. 6F) within two weeks at 37°C. Together, these results
indicate that IMPs do not differentiate at 33°C, but can differentiate at 37°C and are
comparable to wild type pericytes in their pluripotency.

ECs augment sphere formation
1) Pericytes differentiate directly from cultured capillaries—Freshly isolated
capillaries from the Immortomouse® or from wild type mice were cultured in stem cell
medium containing bFGF and incubated under permissive or non-permissive conditions. At
37°C, both wild type (Fig. 7A–C) and IMPs (Fig. 7D–F) initially form spheres in association
with capillaries which subsequently detach and are released into the medium. Capillary-
generated IMP spheres differentiate within five days in culture and contain NF+, GFAP+,
and O4+ cells (Fig. 7G). This differentiation is much faster than that observed for spheres
derived from primary purified IMPs or wild type pericytes (Fig. 7H) (Dore-Duffy, 2006),
suggesting that the native capillary niche and/or EC–derived trophic factor(s) enhance self-
renewal and differentiation (Fig. 7E).

2) Cultured pericytes respond to ECs—To further explore the possibility that ECs
provide trophic support for pericytes, we examined pericyte self-renewal and differentiation
with fresh EC growth medium or EC-conditioned medium. Primary purified pericytes or
IMPs were co-cultured with ECs at a ratio of 4:1 to recapitulate the typical ratio observed in
mouse CNS. Table 1 shows that the co-cultures enhance both the number and rate of
pericyte derived-sphere formation. In contrast, conditioned medium from primary EC
cultures grown at high or low densities do not significantly enhance neurosphere formation.
Table 2 indicates that EC/pericyte co-cultures also increase both the rate of self-renewal and
differentiation of pericytes. Together, these results support a trophic role for ECs in vitro
that may also occur in the vascular niche. That EC-derived conditioned medium obtained
from growth at two cell densities did not modify pericyte proliferation or differentiation,
which suggests that cell-to-cell contact or cell contact-mediated release of substance(s) is
necessary to modify pericyte stem cell behavior. Additional experiments will be required to
confirm these observations and to demonstrate the mechanism.
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Discussion
The Immortomouse®, which expresses the tsSV40 T-Ag protein, has been extremely useful
for generating stable cell lines from a number of tissues (Holley and Lawlor, 1997). In
general, immortalized cells proliferate under permissive conditions and do not differentiate
until they are cultured at 37°C in the absence of IFNγ. In our study, we have isolated brain
pericytes (IMPs) from these animals. IMPs express T-Ag and retain the typical
morphological appearance of wild type cultured pericytes (Gitlin and D’Amore, 1983;
Shepro and Morel, 1993; Balabanov and Dore-Duffy, 1998; Edelman et al., 2006; von Tell
et al., 2006). Similar to these cells, IMPs exhibit numerous blunted projections and are not
contact inhibited when seeded at high density and grown at 37°C. The cells express the
classic pericyte markers, NG2 and PDGFβR, and do not express endothelial markers such as
αSMA, GSA and factor VIII.

Freshly isolated primary wild type pericytes cultured at 37°C undergo an initial lag period of
1–3 days during which proliferation is quite low (Gitlin and D’Amore, 1983; Balabanov et
al., 1996). Thereafter, the rate of proliferation increases (data not shown). Similarly, cultured
primary IMPs are initially quiescent at 37°C in low density cultures (Fig. 2A) and after
longer incubation at 37°C, but not 33°C, these cultures proliferate. In high density cultures
at 33°C, IMPs also proliferate after an initial lag, but they do so at a slower rate than wild
type pericytes grown under similar conditions (Fig. 2B). These data suggest that the overall
characteristics of proliferation of IMPs are similar to wild type cells except for a slower
growth rate.

In the Immortomouse®, the activities of p53 and the Rb proteins are repressed by T-Ag
expression from the transgene, which enables many cell types to proliferate indefinitely at
33°C (as reviewed, Fanning, 1992). Surprisingly, IMPs grown under permissive conditions
proliferate slowly, and only in high density cultures, which suggests that cell cycle
regulation in these cells may differ from other Immortomouse®-derived cell types. For
example, IMPs may express additional cell cycle regulators that are only partially repressed
or resistant to T-Ag inhibition. Alternatively, rapid proliferation of IMPs first may require
differentiation or a lineage restriction step that is blocked by T-Ag. It is currently unclear
what this step may involve but in view of the behavior of wild type pericytes, which only
proliferate in culture after becoming αSMA+, the expression of this protein may be a marker
of differentiation.

Alterations in cell cycle regulation or maintenance of quiescence have been described for
both adult and embryonic stem cells (Dennis and Caplan 1996a; Paquet-Fifield et al, 2009;
Sakai et al, 2010), although we cannot exclude the possibility that pericytes are
heterogeneous cells, some of which may be mitotic while others are quiescent (Doherty and
Canfield, 1999). Alternatively, pericytes have been reported to differentiate along the
mesenchymal lineage and the slow rate of replication that we observe may stem from
proliferation of a precursor population(s) derived from differentiated pericytes (Doherty and
Canfield, 1999). However, we consider this explanation to be unlikely because IMPs do not
differentiate into αSMA+ mesenchymal precursors under permissive conditions.

In their capillary location, less than 10% of wild type pericytes express αSMA; however,
those pericytes that are located at pre-capillary arteriolar junctions and on post-capillary
venules are αSMA+ under normal conditions (Dore-Duffy, 2008). Expression of αSMA may
be induced in vivo or in vitro under a number of pathological conditions and is thought to
reflect differentiation and/or a mechanism by which focal capillary blood flow can be
regulated (Dennis and Caplan, 1996a; Peppiatt et al 2006; Dore-Duffy, 2008; Paquet-Fifield
et al, 2009; Kutcher and Herman 2009; Sakai et al, 2010). In primary cultures, αSMA is
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induced in 100% of pericytes by five to seven days at 37°C depending on the plating
density. Thus, induction of αSMA may be associated with functional and perhaps
phenotypic differentiation. IMPs cultured for long periods at 33°C do not express αSMA and
are quiescent at normal density. They are pluripotent and differentiate along both the
neuronal and mesenchymal lineages when cultured at 37°C.

Pericytes have long been known to exhibit stem cell properties (Shepro and Morel, 1993; as
reviewed, Dore-Duffy, 2008) and to differentiate into fibroblasts (Katenkamp and Stiller,
1975). The mesenchymal potential of these cells has been described by a number of
laboratories, including the elegant studies by Canfield and colleagues (Schor et al., 1995;
Doherty and Canfield, 1999). We have extended these studies by showing that CNS
capillary pericytes are adult pluripotential stem cells (Dore-Duffy, 2006). Subsequent
studies have confirmed these findings and have demonstrated that pericytes from other
organs serve as a local source for progenitor cells (Crisan et al, 2007; Dore-Duffy, 2008).
For example, liver pericytes (Ito cells, stellate cells) are liver cell progenitors (Beltrami et
al., 2007; Jones et al., 1995; Suematsu and Aiso, 2001) and skin pericytes are the source of
regenerating skin tissue in adults (Lardon et al. 2002; Dore-Duffy et al, 2006). More recent
studies have identified CD146 in pluripotent skin pericytes (Paquet-Fifield et al, 2009).
Purified pericytes also demonstrate high myogenic potential in culture and in vivo
(Rajkumar et al., 2005; Crisan et al., 2007; Dellavalle et al., 2007; Kadoya et al., 2008).
Davidoff et al., (2004) reported that cells of testicular blood vessels (vascular smooth muscle
cells or pericytes) are the progenitors of Leydig cells and express nestin, as do stem cells of
the nervous system. Recent studies have shown that the pulp of human teeth contains a
population of cells with stem cell properties that may originate from pericytes (Lovschall et
al., 2007).

Although ostensibly quiescent cells, pericytes have a self-renewal capacity that is
comparable to primitive mesenchymal cells and, with appropriate signals, give rise to
proliferative and committed progenitor cell lineages (Jones et al., 1995). Currently, it is
unclear if vascular pericytes represent a progenitor population that has retained the ability to
transdifferentiate to a mesenchymal stem cell associated with induction of αSMA, or if
pericytes are primitive quiescent cells in the vascular location (Lovschall et al., 2007;
Polchert et al., 2008; Trivedi and Hematti, 2008).

Primary pericytes form neurospheres in response to bFGF (Dore-Duffy et al 2006). When
these aggregates are disrupted, the cells express markers for neurons, immature astrocytes,
oligodendrocytes, pericytes, and other cell types expressing marker combinations suggestive
of immature progenitors such as 04 and GFAP. We do not know if these cells are maintained
in neurospheres grown for prolonged periods or whether they differentiate to single subsets
on incubation. In the current study, we have not disrupted IMP-derived neurospheres or used
confocal microscopy to determine if apparent marker co-localization in Figs 6 and 7 reflects
dual expression of markers in immature progenitors. However, co-localization is not
observed in all cells within the neurosphere. Whichever the case, our data show that IMPs
appear to represent pre-αSMA+ cells that are morphologically and phenotypically
comparable to freshly isolated pericytes and retain stem cell activity.

The current study reveals important properties of IMPs over primary wild type pericytes,
which are that they can be maintained in culture indefinitely without differentiating and that
they can be frozen and thawed without changes in morphology or marker expression. These
properties have significant experimental advantages. For example, signaling experiments
can be conveniently timed for studying synchronized pericyte differentiation by growing
IMPs at the permissive and non-permissive temperatures as necessary. In addition, culture
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conditions that are conducive to proliferation without differentiation can be determined to
enable expansion and characterization of this enigmatic cell type.

Here we show that IMPs in their capillary location in ex vivo cultures can be induced to
proliferate and differentiate. Similar to IMPs, wild type capillary pericytes generate
neurospheres that bud or migrate from vessels at significantly higher rates than those derived
from single cells. Furthermore, co-culturing primary pericytes with ECs enhances
neurosphere formation. These data suggest a trophic role for ECs within the vascular niche
that cannot be substituted by EC conditioned medium, although we cannot exclude the
possibility that growth factors secreted by ECs are too dilute in the conditioned medium to
exert biological activity. Also, we cannot discount the possibility that EC-pericyte
interactions involve indirect signaling mechanisms through matrix proteins. For example,
perlecan is known to augment neurogenesis (Girós et al, 2007; Kerever et al, 2007). In
addition, a recent study (Arai and Lo, 2009) shows that ECs stimulate the formation of
oligodendrocyte progenitors in the absence of cell-to-cell contact. Currently, it is unclear
why our results do not confirm the previous study, although that work was performed using
EC cell lines rather than primary cell cultures.

In conclusion, we report the characterization of mouse brain IMPs which neither
differentiate nor proliferate when cultured at 33°C in the presence of IFNγ and exhibit
several characteristics of quiescent stem cells. At 37°C in the presence of serum, IMPs
differentiate along the mesenchymal lineage (comparable to wild type pericytes) and form
bone nodules. IMPs can be induced to differentiate along the neuronal lineage at 37°C in
serum-free medium in the presence of bFGF and ECs augment their generation and rate of
differentiation. A major advantage of IMPs over wild type pericytes is their utility in the
timing of pericyte stem cell experiments and for studying the regulation of quiescence and
self-renewal. Thus, our results indicate that large-scale purification of IMPs will be a
convenient source of adult multipotent stem cells. Continued investigation of IMPs will
enable us to determine the regulatory networks governing pericyte pluripotential stem cell
activity and the transition from quiescence.
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Highlights

1. We characterize the morphology and cell type specific markers of immortalized
pericytes from the Immortomouse

2. Immortalized pericytes (IMPs) are alpha-smooth muscle actin negative when
grown for long periods at 33 degrees C and express NG2 and PDGF receptor

3. IMPs retain the potential to differentiate along mesodermal and neural cell
lineages under appropriate culture conditions

4. Generation of neurospheres in IMP cultures is enhanced by the presence of
endothelial cells

Dore-Duffy et al. Page 15

Microvasc Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Characterization of IMPs
Freshly isolated Immortomouse® capillaries were enzymatically disrupted and single cell
suspensions were analyzed by flow cytometry for the expression of pericyte (NG2,
PDGFβR) and EC markers (Factor VIII) (A–C). In (A), a histogram overlay of isotype
negative control antibody (grey line) and Factor VIII (black line) show that cell suspensions
are predominately Factor VIII+ (86.8%) ECs. In (B), histogram overlays of negative isotype
controls (grey line) and NG2+ cells (black line) show that cell suspensions also contain
approximately 20% NG2+ cells (19.6%). In (C), histogram overlays of isotype negative
controls (grey line) and PDGFβR+ cells (black line) show that 21.7% of cells express this
pericyte marker. Cell suspensions plated at 5 × 105 cells/ml on plastic Petri dishes were
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incubated in standard culture medium for six hours at 37°C before non-adherent cells were
washed off vigorously. Adherent cells are morphologically similar to pericytes (D) and are
NG2+ (Ea; Ed, green) and PDGFβR+ (Eb; Ed, red) by dual immunocytochemistry. Nuclei
are labeled with DAPI (Ec; Ed, blue). Adherent cells (for 48 hours) were suspended using
RPMI-1640-EDTA and analyzed by flow cytometry for expression of αSMA and NG2.
Histogram overlays from FACS analysis in (F) show negative control antibody (grey line)
and αSMA+ cells (black line) and indicate that adherent cells are less than 1% αSMA+.
Histogram overlays in (G) show control isotype antibody staining (grey line) and NG2
antibody staining (black line) and indicate that adherent cell suspensions are 93.2% NG2+.
Histogram data are presented as cell number versus log fluorescence intensity (FITC) of
individual cell markers.

Dore-Duffy et al. Page 17

Microvasc Res. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. IMPs proliferate at low and high densities
IMPs and wild type pericytes were seeded at two densities: 5 × 102 (A, Low) or 5 × 103 (B,
High) cells/well in 96-well plates and cultured at 33°C in standard culture medium
containing 50 U/ml IFNγ or at 37°C in standard medium without IFNγ. The cells were
counted daily using a 10X ocular grid. As many grids were counted as needed to cover the
surface of the well with a minimum of five grids counted per well (mean ± SD, n = 3
experiments). (A) In low density cultures, IMPs do not proliferate at 33°C and only
proliferate when transferred to 37°C. (B) Regression analysis indicates that in high density
cultures at 33°C, IMPs proliferate (compared with low density cultures; P < 0.05); however,
this rate of growth is significantly slower than for wild type pericytes grown under the same
conditions (P < 0.05).
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Figure 3. IMPs express αSMA
(A–C) IMPs were seeded at 104 cells/ml and grown in standard culture medium. Thereafter,
they were fixed, dual stained and analyzed for antibody binding by flow cytometry. The
horizontal and vertical lines indicate intensity thresholds, above which cells are considered
positive for labeling with one or both primary antibody markers. (A) Secondary antibody
negative controls (Cy5 and FITC) show that non-specific labeling of IMPs is low and
confined to the lower left quadrant of the plot. (B) Freshly isolated IMPs grown for five days
at 33°C and labeled with primary antibodies against αSMA and Factor VIII followed by
secondary antibodies. Most cells are αSMA− and NG2−. (C) IMPs cultured at 33°C for nine
weeks in the presence of IFNγ are αSMA− and NG2+. (D) IMPs grown for nine weeks at
33°C before transfer to 37°C for five to seven days (data at day five are shown) begin to
express αSMA. These data suggest that IMPs do not differentiate to the αSMA phenotype
during culture at 33°C; however, they retain the potential to differentiate for long periods of
time in continuous culture. Data are presented as log-log plots of fluorescence intensity from
FITC (abscissa) and Cy5 (ordinate) for each cell marker pair.
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Figure 4. Wild type pericytes and IMPs express CD146
Primary mouse pericytes and IMPs were grown on glass coverslips in standard culture
medium at 37°C. Cells were fixed in paraformaldehyde, permeabilized with Triton X-100
and dual stained to detect expression of PDGFβR (green) and CD146 (MCAM) (red). (A)
Wild type rat pericytes are heterogeneous for CD146 expression and express this protein at
low levels. (B) Mouse wild type pericytes express CD146 at low levels, while occasional
presumptive ECs cells express this protein strongly (arrowhead). (C, D) A greater proportion
of IMPs are CD146+ (arrowheads in C) as shown at low (C) and high (D) magnification.
Nuclei in (A and B) are labeled with DAPI (blue).
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Figure 5. IMPs differentiate along the mesenchymal lineage only at 37°C
Wild type pericytes and IMPs were seeded at 1 × 105 cells/ml and cultured at 33°C or 37°C
in Nunclon 4-well Petri dishes (1.9 cm2) in standard culture medium. The number of alizarin
red+ nodules per plate was quantified at several time points. (A) Wild type pericytes form
alizarin red bone nodules by 21 – 28 days at 37°C or 33°C (not shown). (B) IMPs also form
nodules, but only at 37°C. In (C), quantification (mean ± SD, n = 3) shows the number of
nodules/plate in wild type pericyte and IMP cultures. In contrast to IMPs, regression
analysis indicates that nodule formation in wild type pericyte cultures is independent of
growth at 33°C versus 37°C (P > 0.05). The number of nodules in IMP cultures grown at
37°C is greater than for wild type pericyte cultures (P < 0.05).
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Figure 6. IMPs form neurospheres at 37°C in the presence of bFGF
IMPs were cultured at low density in stem cell culture medium containing 20 ng/ml bFGF.
(A) IMP-derived neurospheres are formed within two weeks. Spheres were pulse-labeled
with 10 μM BrdU overnight and fixed and dual labeled with antibodies against (B) BrdU
(green) and nestin (red) or (C) NG2 (green) and PDGFβR (red). Nuclei are labeled with
DAPI (blue). (D–G) IMPs differentiate into each of the major cell types in the CNS:
oligodendrocytes, astrocytes and neurons. Three-week-old neurospheres were triple-labeled
with antibodies against GFAP (blue), O4 antigen (green) and neurofilament (red). (G) The
three-channel overlay shows that all antigens generally overlap (white); however, insets in
D–F show high magnification images (captured at the white arrowheads) to demonstrate that
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the staining patterns are not identical. Black arrowheads also highlight non-uniform labeling
for the three antibodies.
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Figure 7. IMP neurospheres can be generated directly from isolated capillaries
Freshly isolated CNS capillaries from wild type mouse pericytes (A–C) or from the
Immortomouse® (D–F) were incubated in stem cell medium containing 20 ng/ml bFGF at
37°C. Phase-bright cells along the capillaries appear to protrude after 24 hr, and small
multicellular aggregates (arrowheads) are visible by two days (B,E). After three to five days,
large sphere-like cell aggregates (arrowheads) are either attached to the vessel or are floating
in the media (C,F). (G) Capillary-generated IMP spheres were collected and allowed to
adhere to Poly-O-coated coverslips, fixed, and dual stained for NG2 (green) and GFAP (red)
(Ga-c), NG2 (green) and NF (red) (Gd-f) or NG2 (green) and O4 (red) (Gg-i). (H)
Regression analysis indicates that the rate of IMP neurosphere formation from
Immortomouse® capillaries (Cap) exceeds that observed in IMP cultures (IMP) grown at
37°C (P < 0.05). Similar to IMP cultures, cultured IMP capillaries do not generate
neurospheres at 33°C.
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Table 1

ECs enhance pericyte neurosphere formation

Spheres / culture* Differentiation (days in culture)

Wild type pericytes 26 ± 6 10 – 14

IMPs 29 ± 4 10 – 12

Wild type pericytes + ECs** 34 ± 5*** 5

IMPs ± ECs 36 ± 7*** 3 – 5

IMPs ± ECCM§ 24 ± 5 15

*
Mean ± SD; n = 3 experiments with 3 wells per determination.

**
ECs added back at a ratio of 1:4.

***
Significantly different from wild type pericyte and IMP cultures (P < 0.01).

§
Conditioned medium from three-day old primary EC cultures plated at 106 cells/ml.
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Table 2

Pericyte and IMP self-renewal at 37°C

# Primary Spheres # Secondary Spheres* # Differentiated Spheres**

Wild type pericytes 10 29 ± 10 15 ± 11

Wild type pericytes + ECsa 25 49 ± 22*** 35 ± 21***

IMPs 31 56 ± 19 25 ± 11

IMPs + ECs 45 71 ± 30*** 42 ± 25***

*
Primary spheres were disrupted after two weeks (mean ± SD).

**
Mean number of differentiated spheres in secondary sphere preparation after two weeks (n = 2 experiments, > 10 primary spheres disrupted per

experiment).

***
Significantly different from wild type pericyte and IMP cultures (P < 0.01).

a
5 × 104 ECs were added to 104 pericytes, the density of cells resuspended in stem cell medium was equal.
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