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Abstract In glioma angiogenesis, tumor vessels cause

morphological and functional abnormalities associated

with malignancy and tumor progression. We hypothesized

that certain structural changes or scantiness of functional

pericytes may be involved in the formation of dysfunc-

tional blood vessels in gliomas. In this study, we performed

morphological examinations to elucidate the possible

involvement of pericytes in brain tumor vessel abnormal-

ities using a rat RG2 glioma model. After implantation of

RG2 glioma cells in the syngeneic rat brain, gliomas were

formed as early as day 7. In immunohistochemical exam-

inations, desmin-positive pericytes, characterized by mor-

phological abnormalities, were abundantly found on leaky

vessels, as assessed by extravasation of lectin and high-

molecular-weight dextrans. Interestingly, desmin-positive

pericytes seemed to be characteristic of gliomas in rats.

These pericytes were also found to express heat-shock

protein 47, which plays an important role in the formation

of the basement membrane, suggesting that RG2 pericytes

promoted angiogenesis by producing basement membrane

as a scaffold for newly forming blood vessels and caused

functional abnormalities. We concluded that RG2 pericytes

may be responsible for abnormal tumor angiogenesis

lacking the functional ability to maintain the blood–brain

barrier.
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Introduction

Glioblastoma multiforme (GBM), the most common type

of aggressive brain tumor in adults, exhibits high vascu-

larization and relies on angiogenesis for tumor growth.

Characteristic vascularized findings, such as microvascular

proliferation appearing as ‘‘glomeruloid tufts’’, are patho-

logical hallmarks of GBM [1]. These tumor microvascular

networks are related to the supply of nutrients to growing

tumors [2]. Various vascularization-promoting factors have

been shown to be associated with the glioma microenvi-

ronment and to activate angiogenesis. The expression

levels of vascular endothelial growth factor (VEGF), which

is the most important factor promoting vascular angio-

genesis, and its receptor (VEGF receptor [VEGFR]) are

increased in high-grade gliomas (HGGs), particularly

GBM [3]. Recently, the anti-VEGF monoclonal anti-

body bevacizumab was shown to be effective for the

treatment of HGGs. However, the overall effects of beva-

cizumab on treatment outcomes are insufficient [4]. Thus,

although anti-angiogenic treatment strategies have been

investigated extensively, satisfactory curative effects have

not been achieved. Therefore, additional studies are needed

to further elucidate the mechanisms of angiogenesis to

improve anti-angiogenic therapies.

The rat RG2 glioma model is a good representative

model for typical human GBM, exhibiting a highly inva-

sive and aggressive growth pattern [5, 6]. The

histopathology of RG2 glioma in rats is classified as

anaplastic or undifferentiated glioma [7], and previous

reports have shown that RG2 gliomas are more aggressive
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than C6 gliomas, as indicated by histological analyses

[6, 7] and tumor-doubling time [6].

Recent studies have shown that tumor vessels have

various structural abnormalities and dysfunctions [8]. In

particular, the specialized structure and function of capil-

laries in the central nervous system (CNS) are critical

[9–11]. Pericytes, forming the abluminal wall of brain

capillaries, may promote angiogenesis [12, 13] and main-

tain the blood–brain barrier (BBB) [9]. Although many

studies have focused on the glioma microenvironment,

very few studies have evaluated the roles and morpholog-

ical features of glioma vascular pericytes [8].

Therefore, we hypothesized that certain structural

changes or scantiness of functional pericytes may be

involved in the formation of dysfunctional blood vessels in

gliomas. In this study, we investigated the process of

angiogenesis and its sequential changes in an RG2 glioma

model, with a primary focus on pericytes, which may play

an important role in neurovascular formation and mainte-

nance, using various morphological approaches.

Materials and methods

Rat glioma cell line

The rat glioma cell line RG2 was purchased from ATCC

(CRL-2433; Manassas, VA, USA). RG2 cells were cul-

tured in Dulbecco’s modified Eagle’s medium (DMEM;

Life Technologies, Osaka, Japan) supplemented with 10%

heat-inactivated fetal bovine serum (HyClone; Perbio Sci-

ences), penicillin-G (10,000 U/mL; Sigma-Aldrich, St.

Louis MO, USA), streptomycin (10,000 U/mL; Sigma-

Aldrich), amphotericin-B (25 lg/mL), 2 mM L-glutamine

(Life Technologies), 1 mM Na-pyruvate (Life Technolo-

gies), 10 mM HEPES (Life Technologies), and 50 lM

2-mercaptoethanol (Life Technologies). Cells were main-

tained in T-25 tissue culture flasks with 5% CO2 in the air

at 37 �C in a humidified incubator.

Animal model and microinjection of tumor cells

Four- or five-week-old female Fischer 344 rats weighing

between 50 and 85 g were purchased from CLEA Japan,

Inc. (Tokyo, Japan). Rats were maintained in air-filtered

clean rooms and fed standard laboratory chow and water

ad libitum. All animal care and experimental procedures

throughout this study were performed according to the

legislation of the Institute of Laboratory Animals for

Animal Experimentation, Tokyo Women’s Medical

University (TWMU) and approved by the Animal Experi-

ment Committee of TWMU. Unless otherwise stated, at

least five rats per experimental group were examined.

Under inhalation ether and intramuscular injection of

100 mg/kg ketamine and xylazine, a small burr hole was

opened stereotactically 4 mm lateral from the bregma.

RG2 cells (1 9 106 cells in 10 lL nutrient solution) were

injected with a Hamilton 10-lL syringe into the right

caudate nucleus (4 mm lateral from the bregma, 5 mm in

depth), as previously reported [5, 14]. Ten microliters of

the RG2 cell suspension was slowly injected over a 2-min

period [5, 7, 15].

Tissue preparation

The mean survival time of rats after intracerebral implan-

tation of RG2 cells was approximately 14 days. According

to a previous report [16], we defined days 7, 10, and 14

after the cell implantation as early, intermediate, and

advanced stages, respectively. Sample tissues from each

stage and normal tissues from 5-week-old rats as controls

were examined. All animals were killed by cardiac perfu-

sion with 4% paraformaldehyde (PFA) in phosphate-buf-

fered saline (PBS; pH 7.2) through the ascending aorta at a

pressure of 120 mmHg for 10 min. Brain tissues were

subsequently excised, infiltrated overnight with 30%

sucrose, and frozen with optimum cutting temperature

(OCT) cryostat-embedding compound (Tissue-Tek, Tor-

rance, CA, USA) by snap freezing in liquid nitrogen.

Cryosections (at 12 or 120 lm thickness) were made with a

cryostat (Leica, CM1850, Leica Microsystems K.K.,

Takadanobaba, Tokyo, Japan). For semi-thin section

observation, immediately after cardiac perfusion, brain

tissues were cut into small pieces and immersed in 4% PFA

and 2.5% glutaraldehyde in PBS for another 2 h. Speci-

mens were then treated with 1% osmium tetroxide for 2 h

at 4 �C and with uranyl acetate for 3 h at room temperature

(typically 20–24 �C). Thereafter, the specimens were

dehydrated in a graded series of ethanol and finally

embedded in epoxy resin. Semi-thin sections (0.5 lm in

thickness) were made and stained with toluidine blue for

light microscopy.

Labeling of blood vessels with tomato lectin

Fluorescein isothiocyanate (FITC)-labeled tomato lectin

(Lycopersicon esculentum lectin; Vector Laboratories,

Burlingame, CA, USA; 300 lg in 150 lL of 0.9% NaCl)

was injected into the femoral vein and allowed to circulate

for 10 min before perfusion of fixative [17].

Evaluation of vascular leakage with Evans blue

and FITC dextrans

To evaluate vascular leakage, 1% Evans blue (Wako,

Osaka, Japan) in 300 lL of 0.9% NaCl was intravenously
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(i.v.) injected to circulate for 30 min before perfusion

fixation, and three FITC-dextrans (Sigma-Aldrich) of

different molecular sizes (molecular weights: 25, 50, and

200 kDa) were also used. FITC-dextrans (0.5 mL of a

100 mg/mL solution in 0.9% NaCl) were administered i.v.

to circulate for 2 min before perfusion fixation.

Cryosections were prepared at a thickness of 12 lm.

Specimens were rinsed several times with PBS (pH 7.4)

to dissolve the OCT compound. Sections were then

directly mounted on cover slips using Vectashield (Vector

Laboratories) [18] and examined with a Keyence BZ9000

All-in-One microscope (Keyence Co. Higashi-Nakajima,

Osaka, Japan).

Immunohistochemistry

The following antibodies for immunofluorescence were

used. A mouse monoclonal antibody against rat endothelial

cell antigen (RECA-1; 1:100, mouse; Abcam, Inc., Cam-

bridge, UK) was used for endothelial cell (EC) identifica-

tion, an anti-laminin antibody (1:500, chicken polyclonal;

Abcam) was used for identification of the basement

membrane, and anti-desmin (1:2000, rabbit polyclonal;

Abcam; or 1:100, rabbit monoclonal; Cell Signaling

Technology, Tokyo, Japan) and anti-platelet-derived

growth factor receptor beta (PDGFRb; rabbit monoclonal;

Thermo Fisher Scientific Inc., Waltham, MA, USA) anti-

bodies were used for pericyte identification. Antibodies

were diluted in PBS containing 1% bovine serum albumin

(BSA) for application on 12-lm sections or 0.5% Triton-X

plus 1% BSA in 19 PBS for application on 120-lm sec-

tions. Using the injected tomato lectin model, RECA-1 was

detected with donkey anti-mouse immunoglobulin (Ig)

secondary antibodies labeled with Cy3 (Jackson

ImmunoResearch, West Grove, PA, USA) to examine

structural changes in the vascular network. Pericytes were

assessed by double immunostaining for desmin or

PDGFRb and RECA-1, and secondary donkey anti-rabbit

Ig antibody labeled with Alexa Fluor 647 (Jackson

ImmunoResearch) and a donkey anti-mouse Ig labeled

with Cy3, respectively, were used for detection. For

staining, sections measuring 120 lm thick were incubated

at room temperature for 48 h in a mixture of each of the

primary antibodies described above. After several washes

with 0.5% Triton X in 19 PBS, specimens were incubated

overnight at room temperature with a mixture of each

secondary antibody. Subsequently, specimens were fixed

with 4% PFA, washed several times with PB, and mounted

using Vectashield. In the same way, triple immunofluo-

rescence staining using laminin, RECA-1, and desmin was

performed to examine the structure of the vascular base-

ment membrane. The following secondary antibodies were

used: donkey anti-chicken Ig antibodies labeled with Alexa

Fluor 647 for laminin staining, donkey anti-mouse Ig

antibodies labeled with FITC for RECA-1 staining, and

donkey anti-rabbit Ig antibodies labeled with Cy3 for

desmin staining, respectively (all antibodies were from

Jackson ImmunoResearch). To evaluate pericyte function,

triple immunostaining was performed with anti-desmin

antibodies, anti-laminin antibodies, and mouse monoclonal

antibodies to heat-shock protein 47 (HSP47; LSBio), a

collagen-binding protein. Sections measuring 12 lm thick

were incubated at room temperature overnight in a mixture

of all antibodies. After several washes with PBS, speci-

mens were incubated for 3 h at room temperature with the

following secondary antibodies: donkey anti-rabbit Ig

antibody labeled with FITC for desmin staining, donkey

anti-mouse Ig antibody labeled with Cy3 for HSP47

staining, and donkey anti-chicken Ig antibody labeled with

Alexa Fluor 647 for laminin staining (all antibodies were

from Jackson ImmunoResearch). All stained samples were

examined with a Leica TCS-SL confocal laser-scanning

microscope (Leica, Wetzlar, Germany).

Real-time quantitative reverse transcription

polymerase chain reaction (qRT-PCR)

Total RNA was extracted from PBS-injected brains (control)

and RG2 tumor brains (day 14) using Isogen (Nippon Gene,

Toyama, Japan). cDNA was synthesized using SuperScript

III reverse transcriptase (Invitrogen, Carlsbad, CA, USA)

[19]. For expression analyses, desmin (Genbank:

NM_022531.1) and PDGFRb (Genbank: NM_031525.1)

were amplified using the following primers: desmin sense,

50-AGGGACATCCGTGCTCAGTA-30; desmin antisense,

50-AGCATCAATCTCGCAGGTGT-30; PDGFRb sense,

50-TGTTCGTGCTATTGCTCCTG-30; PDGFRb antisense,

50-TGTCAGCACACTGGAGAAGG-30; TATA box-bind-

ing protein (TBP) sense, 50-GCGGGGTCATGAAATCCA

GT-30; TBP antisense, 50-CGTCACGCACCATGAAAC

AG-30 [20].

Evaluation of the proliferation of vascular

endothelial cells and pericytes

Quantitative analyses of pericytes and vascular ECs were

performed using five samples on days 7, 10, and 14

(n = 5). The ratios of positive areas for either RECA-1 or

desmin in the whole visual area were estimated as

endothelial proliferation and pericytes, respectively, with

the ImageJ software (NIH, USA).

Statistical analysis

Differences with P values of less than 0.05 were considered

statistically significant according to two-sample t tests.
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Results

Development of tumor blood vessels during RG2

glioma progression

After cell transplantation, RG2 gliomas formed huge tumor

masses in the cerebral hemisphere by day 14 (Fig. 1a, b).

Blood vessels in RG2 gliomas (Fig. 1d, f) showed irregular

sizes and morphologies in comparison with those of normal

brain vessels (Fig. 1c, e). The structural abnormalities of

vessels, such as tortuousness, dilation, and glomeruloid

changes, became more dramatic during tumor development

(Fig. 2a–c). The glioma vascular network developed over

time with tumor progression (Fig. 2d–i). Vascular devel-

opment was accelerated from day 10 after tumor inocula-

tion. In addition to the increased morphological

abnormalities over time (Fig. 2a–c), the blood flow within

the gliomas also became heterogeneous during tumor

progression (Fig. 2d–i). Because tomato lectin is a glyco-

protein that binds the sugar chain of the endothelial luminal

surface and can be used to detect the presence of blood

flow, we found that the number of dysfunctional vessels

without blood flow increased over time after application of

tomato lectin i.v. on days 7, 10, and 14 after glioma

inoculation (Fig. 2d–i).

Characteristics of blood vessels in RG2 glioma

Multiple-immunostaining revealed that glioma vessels

were completely covered by the vascular basement mem-

brane during the whole time course of tumor development

similar to normal vessels, as observed on day 7 (Fig. 3a, b).

However, regarding pericytes, glioma vessels also exhib-

ited several features that were not observed in normal brain

vessels (Fig. 3c, d, f, g). When compared with normal

pericytes, glioma pericytes had multiple cytoplasmic pro-

cesses and tended to project these processes into the

perivascular space (Fig. 3g). Many of these processes

bridged vessels that were separate from each other

(Fig. 3g). Moreover, although normal brain pericytes usu-

ally express PDGFRb but not desmin (Fig. 3c, f) in rats,

glioma pericytes expressed both markers (Fig. 3d, g).

Desmin expression was examined using two different

antibodies from separate commercial companies to

increase the reliability of the results; similar findings were

observed using both antibodies. In contrast, PDGFRb
immunoreactivity tended to be stronger in RG2 pericytes

than in normal controls (Fig. 3c, d). To evaluate the reac-

tivity of immunostaining objectively, qRT-PCR was per-

formed to assess desmin and PDGFRb expression (Fig. 3e,

h). The expression levels of both genes significantly

increased compared with those of the control. In particular,

the expression of desmin increased significantly in the

tumor environment.

Abnormal permeability in glioma vessels

As a functional study, we used two different particles to

investigate vascular permeability during glioma progres-

sion. Extravasation of Evans blue was observed throughout

the entire tumor on day 14 as early as 30 min after injec-

tion (Fig. 4a). To assess the vascular permeability of

glioma vessels in detail, we used dextrans of different

molecular sizes (25, 50, and 200 kDa) on days 7, 10, and

14. Permeability was dramatically elevated from day 10

after glioma inoculation, and dextrans as large as 200 kDa

were extravasated from vessel walls (Fig. 4b–d). When

lectin-perfused specimens were closely observed with a

Fig. 1 Macroscopic views of RG2 glioma and microscopic compar-

isons of blood vessels with normal control brain tissues. Macroscopic

appearance (a) and a coronal cryosection stained with hematoxylin

and eosin (b) on day 14 after RG2 glioma implantation. (c–f)
Morphological comparison between normal brain microvessels (c,

e) and RG2 glioma vessels (d, f). Confocal microscopic images of

RECA-1 immunoreactivity of ECs (c, d) and semi-thin sections (e, f).
Normal vessels with uniform vessel diameters and sizes were

distributed regularly (arrows in e). In contrast, tumor vessels showed

various sizes and irregular shapes. Asterisk Vascular lumens (f). Scale
bars 50 lm (c, d), 20 lm (e, f). Day 14 RG2 models were generated

using 20 rats (a), and representative sample sections (b–f) were

stained using five individual rats (n = 5)
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higher magnification, extravasated lectin was observed

around vessel walls (Fig. 4e).

Quantitative analyses of vascular endothelial cells

and pericytes in RG2 gliomas

A quantitative analysis showed that in glioma vessels, the

numbers of vascular ECs did not increase from day 7 to day

10, whereas the number of pericytes more than doubled

(Fig. 5a). In addition, the number of ECs increased rapidly

from day 10 to day 14, indicating that the increase in

pericytes preceded the increase in ECs. Interestingly, the

number of pericytes continued to increase during tumor

progression (Fig. 5b–d).

Bridging of newly formed tumor vessels by pericytes

and expression of markers of basement membrane

production in RG2 gliomas

At the early stage of tumor progression (day 7), there were

many sites where blood vessels were bridged by sprouting

pericytes. Interestingly, when these sites were closely

analyzed, we found that the vascular basement membrane

had already been formed between these vessels without any

Fig. 2 Changes in the morphology and density of blood vessels

during RG2 progression. Confocal microscopic images of double-

staining for tomato lectin, shown in green (a–c, g–i), and RECA-1,

shown in red (d–i). Observation at the early stage (day 7: a, d, g),

intermediate stage (day 10: b, e, h), and advanced stage (day 14: c, f,
i). Morphological abnormalities in tumor vessels. Angioarchitecture

similar to normal vessels at the early stage (a). Tortuous and dilated

vessels were increased during the intermediate stage (b). Microvas-

cular proliferations, such as ‘‘glomeruloid tufts,’’ in the advanced

stage (c). d–i Changes in the glioma microvascular network over

time. The tumor vascular network showed a tendency to develop over

time, increasing dramatically after day 10. In addition, the blood

distribution in the tumor also became heterogeneous over time, and

dysfunctional vessels without blood flow (RECA-1 positive and lectin

negative) increased in connection with tumor expansion. Scale bars

50 lm (a–c), 150 lm (d–i). The fluorescent image shows a

representative sample section from five individual rats (n = 5)
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ECs (Fig. 6a–c). To examine whether these desmin-posi-

tive pericytes had the ability to produce basement mem-

brane, HSP47, a molecular chaperone that is necessary for

type IV collagen production, was evaluated by immunos-

taining. As a result, we found that HSP47 expression was

colocalized in desmin-expressing pericytes (Fig. 6d–f).

Discussion

In the present study, we characterized the abnormal blood

vessels that formed in a rat glioma model using immuno-

histological analyses and found that pericytes may be

responsible for both morphological and functional abnor-

malities of tumor vessels. We observed extensive

angiogenesis along with RG2 glioma growth after trans-

plantation into normal syngeneic rats. This high angiogenic

potential was deeply related to its aggressive growth.

During angiogenesis, the vascular network within the RG2

gliomas showed increasing disorganization, including

irregular diameters and abnormal branching patterns. Fur-

thermore, the vessels did not fit into the usual categoriza-

tion of arterioles, capillaries, or venules and often formed

collapsing huge sinus-like spaces in the tumor. In addition,

there were fewer functional vessels with blood flow within

the network, and increased numbers of vessels with higher

vascular permeability were observed.

In this study, we examined the possible mechanisms

involved in the abnormal angiogenesis in RG2 glioma, with

a focus on the basement membrane and pericytes, which,

Fig. 3 Characterization of the basement membrane and pericytes in

RG2 glioma vessels using specific markers. The basement membrane

was examined by double immunostaining for RECA-1 (ECs) and

laminin (basement membrane). Confocal microscopic images of

RECA-1 immunoreactivity in ECs (green a) and laminin immunore-

activity of basement membranes (blue b). a, b Vascular walls of

tumor vessels in the early development stage (day 7). Mature vascular

walls are constructed from the early stage. Tumor pericytes are

identified by two different pericyte markers (day 14): PDGFRb (blue

c, d) and desmin (blue f, g) in combination with RECA-1 (red).

PDGFRb (c, d) or desmin (f, g) immunoreactivities of pericytes are

shown in blue. PDGFRb-positive pericytes were expressed around the

surfaces of the vessels (c, d). In particular, pericytes on tumor vessels

tend to be expressed more strongly than that on normal vessels. Note

that desmin-positive pericytes were expressed around tumor vessels

but not around normal vessels (f, g). Glioma pericytes had abnormal

structures, such as multiple cytoplasmic processes, protrusion toward

the stroma (arrows in g), and bridging between these processes

(arrowheads in g). Scale bar 50 lm. The fluorescent image shows a

representative sample section from five individual rats (n = 5).

Relative expression of PDGFRb and desmin genes in RG2 tumor and

control groups was determined by qRT-PCR analyses (e, h)
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along with ECs, are components of the BBB. Various

differences have been reported between normal and glioma

ECs [21]; however, our study revealed several differences

in pericytes as well. Similar to blood vessels in the normal

CNS, RG2 glioma vessels contained pericytes entirely

covered with the basement membrane, which appeared to

be morphologically normal. However, RG2 pericytes were

different from normal CNS pericytes based on various

parameters.

The most remarkable features of RG2 pericytes are their

possible angiogenic potential. First, we found that RG2

pericytes increased in number just before the major

increase in the number of ECs. These pericytes were

associated with proliferating ECs, projected multiple

cytoplasmic processes into stromal space, and bridged

blood vessels that were separated. These features suggest

that pericytes may have a guiding role in the angiogenic

process. Pericytes are often described in the context of a

stabilizer of the vessel wall [9]. However, promotion of

angiogenesis by pericytes has also been suggested in var-

ious angiogenic processes, such as the ovarian cycle, nor-

mal growth of mesentery vessels, wound healing,

chemically induced inflammation, and tumors [17, 22–26].

Previously, we have reported that in dermal wound healing,

pericyte precursors are recruited to the wounded site to

induce angiogenesis and are later incorporated into the

newly formed vessel wall [26].

Second, in the case of RG2 pericytes, we should pay

special attention to the possible role in basement membrane

production as a scaffold for newly forming vessels by ECs,

because we found that RG2 pericytes expressed HSP47,

which is not generally expressed in normal CNS pericytes

[27]. HSP47, a type IV collagen-specific molecular chap-

erone, plays an important role in the formation of the

basement membrane [28, 29]; thus, the presence of this

protein implied that these pericytes had the ability to pro-

duce basement membrane. In addition to type IV collagen,

in vivo studies have revealed their potential to produce

multiple isoforms of laminin, which is also a crucial

component of the basement membrane [30]. Similar to the

present study of RG2 gliomas, guidance for newly forming

vascular endothelial sprouts by pericytes through basement

membrane production has also been suggested in mam-

mary tumor models [25]. Moreover, HSP47 is also thought

to promote tumor angiogenesis by activating hypoxia-in-

ducible factor (HIF)-1a via the VEGF signaling pathway

Fig. 4 Functional studies of the BBB, as assessed by the vascular

leakage of differently sized molecules. a Macroscopic appearance

after intravenous injection of Evans blue. Intratumoral tissues were

colored in blue due to extravasation from tumor vessels. Injection of

high-molecular-weight (200 kDa) FITC dextran. Samples from days 7

(b), 10 (c), and 14 (d) are shown. Dotted lines indicate the boundaries

of RG2 gliomas (b-d). High-molecular-weight dextran leaked through

the vascular wall from the early stage (b). The leakage became more

dramatic as the tumor vascular network developed. (e) Fluorescence

micrograph showing tumor vessels in RG2 gliomas double-stained for

RECA-1 (red) and tomato lectin (green). Leakage of tomato lectin

was observed in the abluminal endothelial wall (arrows). Scale bar

50 lm. The fluorescent image shows a representative sample section

from five individual rats (n = 5)
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[28]. Taken together, these data suggested that HSP47-

expressing RG2 pericytes may promote angiogenesis.

However, it is still possible that basement membrane

lacking endothelium does not indicate the angiogenic

process, but rather represents a site of vessel regression

[31, 32]. Both the formation and regression of blood ves-

sels can generally occur during the course of tumor pro-

gression [33]; thus, we cannot exclude the possibility that

these observations were indicative of the vascular regres-

sion process. However, some recent studies of tumors have

suggested that vascular regression is usually accompanied

by the detachment of pericytes and smooth muscle cells

[33, 34]. Furthermore, other studies have reported that the

existence of pericytes is necessary for endothelial survival

[35, 36]. Therefore, although it is still possible that our

findings represent vessel regression, we believe that these

studies support our hypothesis that vascular basement

membrane structures lacking ECs, but still, harboring

pericytes may represent sites of vascular remodeling. In

addition, the observation that many regressing blood ves-

sels found in tumors were exclusively composed of vas-

cular basement membranes and lacked both ECs and

pericytes may also support our hypothesis [31].

RG2 pericytes are different from normal CNS pericytes

in several other aspects. For example, normal CNS peri-

cytes closely interact with ECs through various signaling

pathway to form and maintain the BBB [9, 10, 35].

Although BBB dysfunction is often found in various brain

diseases, in the case of gliomas, it is unclear whether

altering pericyte properties may cause BBB dysfunction.

Because RG2 vessels show increased permeability during

angiogenesis, RG2 pericytes may not have the capacity to

tightly control permselectivity. In addition to differential

expression of HSP47, RG2 pericytes also exhibited varia-

tions in marker expression compared with normal CNS

pericytes. Normal CNS pericytes in rats typically expressed

PDGFRb but not desmin, whereas RG2 pericytes expressed

both PDGFRb and desmin. The PDGF signaling pathway is

known to recruit pericytes to sites of new vessel formation

[13, 36, 37]. Thus, our findings that PDGFRb immunore-

activity and related gene expression were stronger in RG2

pericytes than in normal pericytes may suggest the active

recruitment of pericyte precursors for angiogenesis. In

contrast, desmin is an intermediate filament of myoid cells

[23, 36, 38, 39], and in the case of rats, all pericytes found

in the entire body other than CNS (except for vascular

smooth muscle cells of arterioles or venules) express this

critical protein. In this study, we reported, for the first time,

that desmin was expressed in pericytes in rat brain tumors.

Analyses of desmin and PDGFRb via qRT-PCR suggested

that angiogenesis (with increasing numbers of desmin-

positive pericytes) was activated under the RG2 tumor

environment. An increase in desmin-positive pericytes

preceded basement membrane and vascular endothelial

formation. Thus, RG2 pericytes exhibited various differ-

ences compared with their normal counterparts in terms of

morphology and functional roles. These abnormal pericytes

may participate in promoting tumor angiogenesis and

tumor progression.

Conclusion

The present study revealed various abnormal features of

pericytes, including morphology, marker expression, and

possible functional roles, in RG2 glioma. Additional detailed

studies on marker expression are needed to further charac-

terize the physiological features and origins of RG2 peri-

cytes. These abnormal pericytes appeared to promote

angiogenesis and affect tumor growth. The characteristics of

abnormal pericytes are specialized and may be responsible

for vascular formation, resulting in rapid tumor progression.

Alternatively, these pericytes, as a neurovascular unit of the

BBB, may lose their abilities to mediate vascular stabiliza-

tion and maintain vascular homeostasis. Therefore, targeting

the suppression of abnormal pericyte development may lead

Fig. 5 Quantitative analyses of vascular endothelial cells and peri-

cytes. a Proliferation of vascular pericytes or ECs in RG2 gliomas

was evaluated by determining the ratios of desmin- or RECA-1-

positive areas to the total area in the high-power field (963).

Increased numbers of pericytes were observed, followed by EC

proliferation. Fluorescence micrographs of desmin immunoreactivity

of pericytes (blue). Samples from day 7 (b), day 10 (c), and day 14

(d) are shown. Pericytes increased constantly and dramatically over

time. Five samples were analyzed for each group (n = 5). *P\ 0.05

for comparisons between two groups
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to prevention of tumor angiogenesis and progression. Our

findings may provide insights into effective treatment

strategies by targeting tumor angiogenesis in HGGs.
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