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Abstract
Pericytes play critical roles in the development, maturation and remodeling of blood vessels, and
in the central nervous system (CNS), evidence suggests that pericytes also regulate blood flow and
form an integral part of the blood-brain barrier. The study of this important cell type has been
hampered by the lack of any pericyte-specific marker and by the difficulty of culturing pericytes in
adequate numbers to high purity. Here we present a novel yet simple approach to isolate and
culture large numbers of pericytes from the mouse CNS that nevertheless leads to very pure
pericyte cultures. In our method, vascular cells obtained from adult mice brains are cultured
initially under conditions optimized for endothelial cells, but after two passages switched to a
medium optimized for pericyte growth. After growing the cells for 1-2 additional passages we
obtained a largely homogeneous population of cells that expressed the pericyte markers NG2,
PDGF -receptor, and CD146, but were negative for markers of endothelial cells (CD31), microglia
(Mac-1) and astrocytes (GFAP). Under these conditions, pericytes could be grown to high passage
number, and were maintained highly pure and largely undifferentiated, as determined by antigen
expression profile and low levels of -SMA expression, a marker of pericyte differentiation.
Furthermore, switching the cells from pericyte medium into DMEM containing 10% FBS
promoted -SMA expression, demonstrating that high passage pericytes could still differentiate.
Thus, we provide an alternative approach to the culture of CNS pericytes that is easy to establish
and provides large numbers of highly pure pericytes for extended periods of time. This system
should provide others working in the pericyte field with a useful additional tool to study the
behavior of this fascinating cell type.
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INTRODUCTION
Pericytes are vascular cells that were originally defined solely by their close vicinity to the
endothelium of capillaries (Rouget, 1874). Phenotypically similar to smooth muscle cells,
they are found on capillaries and other small diameter vessels (Armulik et al., 2005) but
possibly also in the intima, media and adventitia of larger vessels (Andreeva et al., 1998;
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Canfield et al., 2000). Their function is still not entirely understood but they are important
contributors to the development, maturation, stabilization, and remodeling of capillaries and
other small vessels. (Hirschi and D’Amore, 1996). Increasing evidence supports the long-
held notion that pericytes participate in the regulation of capillary blood flow (Hamilton et
al., 2010; Vimtrup, 1922), and play an important instructive role during angiogenesis
(Bergers and Song, 2005; Dore-Duffy and LaManna, 2007). Recently the relationship
between pericytes and mesenchymal stem cells has come under the spotlight. Some evidence
suggests that mesenchymal stem cells are a subgroup of pericytes (Caplan, 2008) and other
studies have highlighted pericyte multipotency in a variety of tissues, including brain (Dore-
Duffy, 2008; Dore-Duffy et al., 2006), skeletal muscle, smooth muscle, bone, cartilage, and
adipose tissue (Brachvogel et al., 2005; Crisan et al., 2008; Dellavalle et al., 2007; Doherty
et al., 1998; Farrington-Rock et al., 2004; Schor A, 1998). Within the brain, in addition to
being a potential source of pluripotent stem cells (Dore-Duffy, 2008; Dore-Duffy et al.,
2006), pericytes are known to be important participants in the establishment and
maintenance of the blood-brain-barrier (Balabanov and Dore-Duffy, 1998; Ballabh et al.,
2004; Daneman et al., 2010). A good understanding of pericyte biology has clear clinical
implications since pericyte dysfunction has been shown to be linked to several pathologies,
including hypertension (Herman and Jacobson, 1988; Kutcher and Herman, 2009) and
diabetic microangiopathy (Hammes, 2005; Hirschi and D’Amore, 1996). At the same time,
the early contribution of pericytes to pathological angiogenesis also makes them an
interesting candidate for anti-angiogenesis therapy (Song et al., 2005; Tigges et al., 2008;
Wesseling et al., 1995).

The study of pericytes has been greatly facilitated by the isolation and culture of primary
pericytes. Most techniques are aimed at the isolation of pericytes from the retina (Gitlin and
D’Amore, 1983) or the brain (Dore-Duffy, 2003), two tissues whose capillaries are rich in
pericytes. Recently, methods have been devised to isolate pericytes from alternate sources
including skeletal muscle, skin, and foetal tissues (Crisan et al., 2008; Mogensen et al.,
2011; Sundberg et al., 2002). Pericyte isolation strategies generally start with enzymatic
digestion of tissue, usually followed by the isolation of microvessel fragments via successive
filtration steps. Fragment outgrowth strategies are relatively easy to do but the cultures
generated often contain several different cell types, resulting in impure pericyte populations.
Pure pericyte cultures can be obtained through either positive or negative immuno-selection
via the use of magnetic beads or flow cytometry; the downside of this approach is that it is
expensive, complicated, and often leads to very low cell yields.

It has long been noted that pericytes are a major contaminant of endothelial cell cultures
(Gitlin and D’Amore, 1983) and in our laboratory we, too, observed that successive
passaging of brain endothelial cells (BECs) is limited, in part by the ability of contaminating
pericytes to over-run the EC cultures. Pericyte culture has mainly been performed with
Dulbecco’s Modified Eagle Medium (DMEM); however more specialized culture media are
now available. Recently introduced media have improved and facilitated the culture of
mesenchymal stem cells (Gong et al., 2009), begging the question if the application of
optimised media can also improve the culture of pericytes. In this study we wanted to test
the notion that repeat passaging of brain vessel cultures and the use of commercially
available optimized pericyte medium could lead to satisfactorily pure and undifferentiated
pericyte cultures. On the basis of our findings, here we present a novel yet simple approach
to pericyte isolation from the mouse CNS that nevertheless leads to very pure pericyte
cultures. Using this approach, vascular cells obtained from adult mice brains were cultured
initially under conditions optimized for BECs, but after two passages switched to a medium
optimized for pericyte growth. After growing the cells for 1-2 additional passages we
obtained abundant numbers of pericytes in cultures that were generally free of endothelial
cells, microglia and astrocytes. Since it has been well documented that pericytes in culture
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tend to rapidly differentiate, routine passage of pericyte cultures has been avoided. However,
using our modified approach, and using a commercially available optimized medium, we
characterized pericytes of low and high passage numbers and present evidence that pericytes
cultured under the conditions we describe stay undifferentiated for many passages.

MATERIALS AND METHODS
Animals

All cell cultures were obtained from C57BL/6 mice which were maintained under pathogen-
free conditions in the closed breeding colony of The Scripps Research Institute (TSRI).

Primary culture of brain endothelial cells (BECs) and pericytes
Pericyte isolation was initially done as described for the isolation of endothelial cells (ECs)
(Milner et al., 2008). Six 6-8-week old mice were euthanized shortly before their brains
were extracted and placed in cold Minimum Essential Medium (MEM). The olfactory bulb,
cerebellum, and medulla were dissected away and the rest of the brain was minced
thoroughly with a sterilized razor blade. The minced brain tissue was washed once with
MEM and then washed by centrifuging in an Eppendorf 5810 R centrifuge at 1200 rpm for 5
minutes and then incubated in an enzymatic solution (Worthington, Lakewood, NJ),
containing 30 U/ml papain and 40 μg/ml DNase I in Earl’s Balanced Salt Solution (EBSS)
for 70 minutes at 37°C. After incubation the digested brain tissue was homogenized by
passing it 10 x through an 18 gauge needle and subsequently 10 x through a 21 gauge
needle. The homogenized brain cells were then mixed with 1.7 volumes of 22% bovine
serum albumin (BSA) in phosphate buffered saline (PBS) and centrifuged at 4000 rpm for
10 minutes. The lipid layer on top of the vial was carefully removed, and the cell pellet was
re-suspended in 5 ml of endothelial cell growth medium (ECGM) consisting of Hams F12,
supplemented with 10% FBS, Heparin, ascorbic acid, L-glutamine, penicillin/streptomycin
(all from Sigma, St. Louis, MO) and endothelial cell growth supplement (ECGS) (Upstate
Cell Signaling Solutions, Lake Placid, NY), and centrifuged for 5 minutes at 1200 rpm.
Subsequently, the cells were re-suspended in ECGM and plated on two wells of a 6-well
plate (Nunc) that had been coated with collagen I (Sigma, 0.02% solution) for 2 hours at
37°C. After 20 hours, cells were washed 3 times with PBS and fresh ECGM added. At this
time point, in order to select for BECs, cultures were incubated with 4 μg/ml puromycin
(Alexis GmbH, Grunberg, Germany) for two days to remove contaminating cell types, and
then kept in ECGM until required. The medium was changed every 3 days. Endothelial cell
purity was > 98% as determined by CD31 in flow cytometry. For all experiments, BEC were
used only for the first passage.

When the aim was to culture pericytes the puromycin step was omitted. Cells were grown in
ECGM, with the medium changed every 3 days. After 7-9 days, the cells reach confluency,
and the cultures were harvested with trypsin and passaged 1:4 onto fresh collagen-coated 6-
well plates. Cells were grown to confluency and then passaged again as described above.
During the first two passages, the cells were kept in ECGM; following the third passage,
cells were maintained in pericyte medium (ScienCell Research Laboratories, Carlsbad, CA)
containing 2% FBS. Cells cultured for immunocytochemical analysis were treated under the
same conditions as described above but were passaged onto collagen-coated Lab-Tek II
chamber slides (Nunc) and grown for 4 days unless indicated differently.

Antibodies
Polyclonal rabbit anti-NG2 and anti PDGFβ-receptor and polyclonal guinea pig anti-NG2
antibodies were generated and provided by Dr. William Stallcup (Sanford-Burmham
Institute, La Jolla, CA). Polyclonal rabbit anti-CD146 and monoclonal hamster anti-CD31
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antibodies were obtained from AbCam (Cambridge, MA). Monoclonal rat anti-CD11b
(Mac-1) antibody was purchased from BD Pharmingen (La Jolla, CA). Monoclonal mouse
anti-α-smooth muscle actin ( -SMA) and anti-glial fibrillary acidic protein (GFAP)
antibodies were obtained from Sigma-Aldrich (St. Louis, MO). The Cy3, and Cy5-
conjugated secondary antibodies against rabbit IgG and guinea pig IgG were obtained from
Jackson Immunoresearch (West Grove, PA, USA). Alexa Fluor 488 and Alexa Fluor 568-
conjugated secondary antibodies against rabbit IgG and rat IgG were obtained from
Invitrogen (Carlsbad, CA). The DyLight488-conjugated antibody against hamster IgG was
obtained from Biolegend (San Diego, CA).

Immunocytochemistry and microscopy
Cell cultures growing on collagen I-coated chamber slides were fixed in methanol (-20°C)
for 3 minutes and subsequently washed 2 x for 5 minutes in room temperature PBS, and then
briefly rinsed with a small amount of Dako dilution buffer (Dako, Carpinteria, CA). Cultures
were then incubated with antibodies (diluted in Dako dilution buffer (1:100)) for 30 minutes
at 37°C in a moisturised chamber, washed for 5 minutes in PBS, and again briefly rinsed in
the dilution buffer. Cultures were then incubated with fluorescent-conjugated secondary
antibodies diluted 1:300 in Dako dilution buffer for 30 minutes at 37 °C, then washed briefly
in PBS and incubated for 5 minutes with Hoechst nuclear stain (Sigma). The cultures were
finally washed 3 times for 10 minutes in PBS with 0.1% tween-20, briefly rinsed in tap
water, and mounted in Aquamount (Polysciences, Warrington, PA). All IF microscopy work
was done with a Zeiss Axio Imager M1m microscope and Zeiss Axiocam MRC digital
camera. Phase contrast pictures were taken on a Zeiss Axio Observer A1 microscope.
Software used for cell image analysis was Image J 1.44p. For the quantification of cellular
composition of cell cultures, four experiments were performed, in duplicate within each
experiment at each passage number. Pericyte expression of -SMA was examined by
measuring the -SMA+ fluorescent area per field of view using Image J software (version
1.43U). All data were presented as the mean ± SEM, and statistical significance assessed by
Student’s t test, in which p < 0.05 was defined as statistically significant.

Pericyte cell proliferation assay
Lab-Tek II chamber slides were coated with collagen I for 2 hours, then washed, and
pericytes plated and cultured in pericyte medium until cells reached ~50% confluence.
Pericytes were then cultured for 6 hours in the presence of BrdU (Invitrogen, Carlsbad, CA),
then fixed in acid/alcohol and processed for BrdU immunocytochemistry according to the
manufacturer’s instructions. Pericyte proliferation was assessed by quantifying the number
of BrdU-positive cells as a percentage of the total number of cells (Hoechst staining), and
the results expressed as the mean ± SEM of three experiments. Statistical significance was
assessed by Student’s t test, in which p < 0.05 was defined as statistically significant.

Pericyte and endothelial cell co-culture in matrigel
The co-culture method was adapted from a method used by Masanobu Komatsu (personal
communication). One day before the cells were co-cultured they were labelled with red or
green cell tracker (1:1000 dilution) for 30 minutes in serum-free medium, according to the
manufacturer’s instructions (Molecular Probes, Eugene, Oregon). In order to co-culture
pericytes and BECs, 50 μL of ice cold matrigel (BD Bioscience, La Jolla, CA) was pipetted
into the wells of an 8-well chamber slide and allowed to polymerize. Both pericytes and
BECs were then harvested by trypsinization and counted. Approximately 100,000 BECs and
10,000 pericytes were added to the polymerized matrigel in each well, and cultured in
ECGM for 24 hours. After that time the cultures were analyzed by fluorescent microscopy.
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RESULTS
Multiple passage of brain vascular cultures yields pure cultures of pericytes

We routinely isolate brain endothelial cells (BEC) from the brain of 6-8 week old mice by
enzymatic disruption, and culturing on collagen I in endothelial cell growth medium
(ECGM) containing puromycin for days 1-3, to kill all non-endothelial cells. This approach
yields homogeneous cultures, displaying the elongated spindle-shaped morphology, typical
of endothelial cells that are > 98% endothelial, as assessed by CD31 immunoflourescence
(IF). By contrast, in cultures not treated with puromycin, a different type of cell starts to
emerge after 5-7 days, displaying the rhomboid morphology typical of pericytes. At
confluence, primary cultures not exposed to puromycin consist predominantly of BECs with
a small minority of pericytes. To favor the growth of pericytes, we switch these cultures
from ECGM to pericyte medium from the second passage onwards. Interestingly, with
subsequent passages the relative proportions of BECs and pericytes shifts dramatically, with
pericytes predominating at the expense of BECs. As shown in Figure 1, while the first
passage cultures contain more BECs than pericytes (A), by the third passage these cultures
contain only a small number of BECs (B), and by later passages (>5) BECs have entirely
disappeared, leaving a pure population of pericytes, showing the typical rhomboid
morphology of pericytes (C).

Immunocytochemical characterization of the pericyte cultures
To evaluate the purity of our pericyte cultures we stained the cells with the pericyte markers
NG2, platelet-derived growth factor-beta-receptor (PDGFβ-receptor), CD146, and α-smooth
muscle actin (α-SMA). As shown in Figures 1D-F, passage 1 cultures contained a mixture
of CD31-positive BECs, and NG2-positive pericytes. By passage 3, most CD31-positive
cells had disappeared from the cultures, and by passage 5, the cultures consisted of NG2-
positive cells with no CD31-positive cells present. Passage 5 pericytes were further
evaluated for expression of other pericyte markers (Figure 2). In these cultures, > 98% of
cells were positive for the PDGFβ-receptor while > 80% of cells were positive for the
markers NG2 or CD146. Our finding that all cells expressed at least one pericyte marker
demonstrates the high purity of our pericyte cultures, and the relative heterogeneity of
expression of NG2 and CD146 is consistent with the previously described heterogeneity of
pericytes (Bandopadhyay et al., 2001).

Cell culture of brain pericytes is often frustrated by the presence of high numbers of
astrocytes and microglia. In order to determine how many astrocytes and microglia were
present in our pericyte cultures we immunostained the cultures with antibodies against the
astrocyte marker GFAP and the microglial marker Mac-1 (CD11b). At early passages (P1)
we occasionally saw low to moderate numbers of microglia and low numbers of astrocytes.
At passage 3 the cultures consistently contained less than 2% CD11b-positive microglia and
less than 0.2% GFAP-positive astrocytes (Figure 3A). Thus, serial passaging tremendously
increased the purity of the pericyte cultures, and all contaminating endothelial cells,
astrocytes and microglia had virtually disappeared by the fifth passage.

Pericytes remain undifferentiated over many passages when kept in pericyte medium
Smooth muscle cells (SMC) are known to differentiate and change their fundamental
properties when passaged repeatedly in culture (Orlidge and D’Amore, 1986). Since
pericytes originate from a related lineage, many groups in the pericyte field have adopted a
low-passage policy to avoid this problem. To investigate whether pericytes in our system
alter their properties with time in culture, we passaged our cultures to high passage number
(>40 times), and examined the cells for changes in morphology, proliferation rate and
expression of phenotypic markers. Significantly, pericytes obtained by our method and
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cultured in pericyte medium remained undifferentiated. Pericyte cultures passaged up to 40
times appeared highly homogeneous over time. Pericytes passaged up to 10 times showed
no visible change in morphology (Figure 4A-B), while cells in higher passage cultures (>10)
decreased somewhat in size (Figure 4, compare C with E) but otherwise still exhibited
typical pericyte morphology. Interestingly, rather than showing a decline in mitotic index
which would be predicted if higher passage cells were becoming more differentiated, the
pericyte cultures actually displayed a progressive increase in proliferation rate with increase
in passage number (Figure 3B). As pericyte differentiation is associated with increased α-
SMA expression, we next examined levels of this marker to determine if high passage cells
showed enhanced expression. This revealed that low passage (P3) pericyte cultures
contained only a small number of α-SMA-positive cells (Figure 4C), and that higher
passage (P40) pericytes contained even fewer (Figure 4E), but after being switched into
DMEM containing 10% FBS (DMEM+) for 4 days, α-SMA was strongly up-regulated in
the vast majority of pericytes, both in early (Figure 4D) and late (Figure 4F) passage
pericytes (Figure 4G). This demonstrates that high passage pericyte cultures still retain the
ability to differentiate in response to serum.

Pericytes associate with endothelial cells to create vascular cords in matrigel co-culture
experiments

It is well established that when pericytes are co-cultured with endothelial cells in the
biological matrix matrigel, pericytes line up along the length of the endothelial vascular
cords, as they do in blood vessels in vivo (Bryan and D’Amore, 2008). To examine whether
the pericytes derived in our system also show this ability, we co-cultured pure populations of
pericytes (labeled with red cell tracker) with pure BEC cultures (labeled with green cell
tracker) in matrigel. As shown in Figure 5, in this system, pericytes aligned with endothelial
cords and extended processes along the length of the cords. This property was shown both
by early (P3) and late passage (P17) pericytes. Quantification revealed that after 24 hours of
co-culture, more than 95% of both early and late passage pericytes were closely associated
with endothelial cords. This demonstrates first, that pericytes derived in our culture system
behave like pericytes derived from other approaches, and second that high passage pericytes
derived from this system retain the ability to closely associate with endothelial cords.

DISCUSSION
In this study we have described a technique of isolating and purifying brain pericytes that is
simple and easy to perform, but still leads to a highly pure pericyte culture. The
straightforward approach we applied consistently allowed us to obtain pericyte cultures that
had significantly less endothelial cells, astrocytes and microglia present than other published
techniques that we tried in our laboratory. Since our method relies on the repeated passage
of pericytes, one important question is how differentiated are the pericytes produced by this
culture system? That pericytes can rapidly differentiate in vitro is a well known problem,
and the stability of pericytes in culture remains a controversial question. While some have
reported pericytes to be stable over several passages (Capetandes and Gerritsen, 1990; Gitlin
and D’Amore, 1983; Helmbold et al., 2001; von Beckerath et al., 2000) others have claimed
that pericytes rapidly differentiate in culture (Armulik et al., 2005; Dellavalle et al., 2007;
Sundberg et al., 2002). If passaging of pericytes is to be avoided, then one either has to work
with relatively impure primary cultures, when large numbers of cells are required, or with
small numbers of cells when more demanding pericyte purification protocols are applied.
This predicament has led some groups to develop immortalized pericytes derived from rat or
mouse tissues (Dore-Duffy et al., 2011; Kondo et al., 2003).

The approach described here relies on the use of endothelial cell growth medium for the first
two passages, followed by a switch to specialized pericyte medium that keeps pericytes
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undifferentiated. When we cultured from the outset in pericyte medium, we noticed that the
number of contaminating astrocytes and microglia was significantly higher; thus we always
started cultures in ECGM and switched to pericyte medium after 2 passages. Interestingly, in
most published isolation approaches, pericytes are cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10-20% fetal bovine serum (FBS). However, our results
demonstrate that culturing pericytes in DMEM with FBS leads to a significant upregulation
of α-SMA, a decrease in growth rate, and cell enlargement, all clear signs of pericyte
differentiation. That the use of DMEM containing 10% FBS leads to pericyte differentiation
has been noted before (Dellavalle et al., 2007). In contrast, when cultured in pericyte
medium, most pericytes express only very low levels of α-SMA, and under these conditions
the pericytes could be passaged over 40 times without showing any of the above mentioned
signs of differentiation. Also, when high passage cells were co-cultured with BECs, they
still behaved like pericytes by closely aligning along the endothelial vascular cords.
Importantly, a high proportion of both low passage (> 90%) and high passage (> 60%)
pericytes could be induced to differentiate when culture medium was changed to DMEM
containing 10% FBS. While we did not investigate every possible differentiation “signifier”
we showed clear evidence that pericytes cultured under the maintenance conditions
described had not undergone differentiation.

During the first 10 passages pericytes seem to remain very stable; however, at passages
above 10 we encountered some changes. The proliferation rate increased, the overall α-
SMA expression and the cell size were reduced. These observations could be interpreted
such that at higher passage number the pericytes in our cultures underwent de-
differentiation. De-differentiation has been described for several different cell types of the
mesenchymal lineage. Adipocytes can de-differentiate into a fibroblast-like cell (Shen et al.,
2011) and smooth muscle cells have long been known to undergo de-differentiation
(Gabbiani, 1986). De-differentiation has also been described for cultured pericytes isolated
from the bovine retina (Bryan and D’Amore, 2008). Interestingly, as our data shows, any de-
differentiation was generally reversed when cells were shifted back into DMEM containing
FBS. That high passage pericytes (> P10) retain the ability to differentiate is supported by
our observation that when passage 17 pericytes were co-cultured with BECs in matrigel in
endothelial cell medium, the pericytes nearly perfectly co-localized with the endothelial
cells, just as we had seen with passage 3 pericytes. In this regard we noticed that any
passage > P10 had characteristic features including smaller cell size and increased
proliferation rate, relative to low passage pericytes.

Pericytes are often identified in vivo by their close apposition to endothelial cells and their
basement membrane. When pericytes are not in this location, they are difficult to identify
because, to date, no single pericyte-specific cell marker has been identified. In pericyte
cultures the usual approach for their identification is to check for the presence and absence
of multiple markers. Based on the work of others, in this study we used NG2 (Ozerdem et
al., 2001), PDGFβ-receptor (Sundberg et al., 1993) and CD146 (Covas et al., 2008; Li et al.,
2003) to positively identify pericytes. CD146 expression has also been described on
endothelial cells (Yan et al., 2003). In fact, we found that BECs expressed markedly higher
levels of CD146 than did pericytes, making it easy to differentiate between BECs and
pericytes. In addition to using positive markers to identify pericytes, we also used CD11b
(Mac-1), GFAP and CD31 for negative identification. While -SMA has been used to identify
pericytes, it is not a very specific marker, especially in vivo as smooth muscle cells also
express α-SMA, and indeed many pericytes within blood vessels do not express this marker.
In vitro, it has been reported that α-SMA expression can be used as a marker for pericyte
differentiation, as few freshly isolated pericytes express this antigen, but with time in
culture, almost 100% of cells express α-SMA (Balabanov and Dore-Duffy, 1998; Dore-
Duffy, 2008). We also used a functional assay, the matrigel pericyte-endothelial cell co-
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culture, as a means to verify that the cultured cells behaved like pericytes, closely co-
aligning along the endothelial vascular cords. The combined data we obtained from both the
phenotypic analysis and the functional assay strongly support the claim that our method
yields highly pure cultures of pericytes. However, we did encounter some differences in the
expression pattern of pericyte markers in our cultures. While all cells expressed PDGFβ-
receptor, the other markers including NG2, CD146 and α-SMA were expressed in a way
that hinted that the pericytes we isolated were not entirely homogenous. This observation is
in agreement with the assumption that pericytes in vivo are a heterogeneous group of cells
and that within a given tissue the pericytes from different types of vessels differ
(Bandopadhyay et al., 2001; Murfee et al., 2005). Murfee and co-workers for example
showed that while NG2 is present on pericytes associated with capillaries and arterioles, it is
not expressed in pericytes on venules (Murfee et al., 2005), though interestingly, pericytes
on venules induce NG2 expression as part of the activation response during vascular
remodeling (Murfee et al., 2006).

Conclusion
In this paper, we describe a technique of isolating and purifying brain pericytes that is
simple and easy to perform, but still leads to a highly pure pericyte culture. Using this
approach, and combined with the use of specialized pericyte medium, we were able to
routinely passage pericytes more than 40 times, to produce highly pure pericyte cultures that
show the rhomboid morphology, expression pattern of phenotypic markers, and alignment
with endothelial vascular cords, typical of pericytes. This novel system should provide
others working in the pericyte field with a useful additional tool to study the behavior of this
fascinating cell.
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Highlights

• We describe a novel simple method of culturing brain pericytes

• Cultures are highly homogeneous, expressing NG2, PDGF -receptor, and
CD146

• Closely align with endothelial vascular cords in matrigel co-culture

• Can be passaged to high number without premature differentiation

• Both low and high passage cells upregulate α-SMA when cultured in DMEM +
10% FBS
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Figure 1.
Characterization of pericyte cultures. Pericyte cultures were established as described in
Materials and Methods. Phase contrast pictures of the cultures at passage 1 (A), passage 3
(B) and passage 5 (C). Scale bar = 100μm. Note that passaging shifts the composition of the
cultures from the typical spindle-shaped endothelial morphology at passage 1 to the
rhomboid morphology typical of pericytes at passage 5. D-F shows dual-IF with the pericyte
marker NG2 (green) and the endothelial cell marker CD31 (red). Scale bar = 100μm. Note
that passage 1 cultures contained a majority of endothelial cells with some pericytes. By
passage 3, NG2-positive pericytes dominated, and by passage 5 the culture contained only
pericytes, with no endothelial cells present.
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Figure 2.
Further characterization of pericyte cultures. Pericyte cultures were established as described
in Materials and Methods, and passage 5 pericytes analyzed by dual-IF for the pericyte
markers NG2 (A), PDGF -receptor (B), with merge (C), and NG2 (D), CD146 (E), and
merge (F). Scale bar = 100μm. Note that while virtually all cultured pericytes expressed the
PDGFβ-receptor (B), a slightly smaller subset of pericytes expressed NG2 (A), and a similar
subset of pericytes also expressed CD146 (E), which was virtually co-expressed with NG2
(D,F).
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Figure 3.
A. Quantification of pericyte culture purity. Cell cultures of passage numbers 1, 3 and 5
were analyzed immunocytochemically with antibodies against pericytes (PC; NG2),
endothelial cells (EC; CD31), microglia (MG; CD11b), and astrocytes (Astro; GFAP). All
points represent the mean SEM of 4 experiments. Note that passage 1 (P1) cultures
contained predominantly endothelial cells, passage 3 (P3) cultures predominantly pericytes
with only a few endothelial cells and no microglia or astrocytes present, and passage 5 (P5)
cultures contained only pericytes. At P5 the percentage of NG2-expressing cells increased
further, suggesting that higher passage pericytes are more mature. B. Examination of the
effect of passage number on proliferation rate. Pericyte cultures were established as
described in Materials and Methods, and cultures of different passage number (P7, P12 and
P40) examined for mitotic index using the BrdU incorporation technique. All points
represent the mean SEM of 3 experiments. Note that the pericyte cultures displayed a
progressive increase in proliferation rate with increase in passage number. ** p < 0.005, *
NS (p = 0.086).
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Figure 4.
Switching from pericyte medium to DMEM containing 10% FBS promotes pericyte
differentiation. Pericyte cultures were established as described in Materials and Methods.
Phase contrast pictures of passage 3 (A) and passage 40 (B) maintained in pericyte medium.
Scale bar = 100μm. Note that pericytes cultured in pericyte medium for many passages do
not visibly change their morphology. Passage 3 (C and D) and passage 40 (E and F)
pericytes were grown in pericyte medium (C and E) or DMEM + 10% FBS (D and F) for 4
days, then analyzed for NG2-green/ -SMA-red by dual-IF. Scale bar = 100μm. G.
Quantification of α-SMA expression by fluorescent imaging using Image J. Note that when
cultured in pericyte medium, early passage pericytes expressed very low levels of α-SMA
(C), and higher passage pericytes expressed even less (E), but when switched into DMEM
containing 10% FBS (DMEM+), α-SMA was strongly up-regulated in the vast majority of
pericytes, both in early (D) and late (F) passage pericytes. * p < 0.05, ** p < 0.001.
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Figure 5.
Pericytes align with endothelial vascular cords in co-cultures. Pericytes and BECs were
established as described in Materials and Methods, then labeled with red or green cell
tracker respectively and co-cultured in a 1:10 ratio in Matrigel in ECGM for 24 hours. Top
panels (A-C) show P3 pericytes while lower panels (D-F) show P17 pericytes. Scale bar =
100μm. Note that the green-labeled BECs (B and E) were closely invested with the red-
labeled pericytes (A and D), and that virtually all pericytes strongly co-localized with BECs,
to form vessel-like structures.
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